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EDITORIAL 


PROBLEMS SET BY NEW CIRCULATIONS 


In 1909 Mackenzie, wrestling with the clinical 
problems of his day, complained that sometimes 
“what are called observations are but a mixture of 
imperfect observation and unwarranted deduc- 
tion”. Later, his pupil, Thomas Lewis, lured out 
the scientists from their laboratories and brought 
them to the bedside. No clearer proof exists of 
the value of basic science to medicine than the 
advances which clinicians have been able to make 
—despite the limitations of their training—in 
hypothermia and the application of the extracor- 
poreal circulation. 

Training in any subject should benefit from 
influences abroad, and that a British journal 
should publish amongst its pages words of wisdom 
by authors overseas is not a sign of weakness; 
rather the reverse, for in medicine, as in music and 
the arts, there should be a common heritage of 
understanding. Even our great William Harvey 


| chose to work for a time in the ancient medical 


school at Padua where he studied with others of 
diferent nationalities, under Fabrinus; here he 
received the stimulus and learnt the method 
for unravelling some of the secrets of the 
circulation. 

In 1628 Harvey wrote: “I am obliged to con- 
dude that in animals the blood is driven round a 
circuit with an unceasing, circular sort of move- 
ment, that this is an activity or function of the 
heart which it carries out by virtue of its pulsation, 
and that in sum it constitutes the sole reason for 
the heart’s pulsatile movement.” Only lately have 
machines come into use to take over the functions 
of the heart to allow surgeons to perform success- 
ful operations upon it. That this should follow 


would not have astonished Harvey, for it is the 
naturally expected outcome of his work. He would, 
no doubt, have marvelled at the complexity of 
technological achievement which has made the 
extracorporeal circulation possible. 

Those who manage patients with an extracor- 
poreal circulation, having learnt how to carry out 
the procedure, are now concentrating on the study 
of various electronic aids which reveal the extent 
of functions in vital organs. These assessments are 
fraught with difficulties and there is the possibility 
that too much reliance will be placed upon the 
results before their true values are known. 

The responsible part played by anaesthetists in 
helping to develop the practical side of the extra- 
corporeal circulation is bound to have its good 
effects within the specialty, but one peculiar 
danger is not without significance in these times. 
Because of the nature of this work the anaesthetist 
may feel that it requires to be treated as a fulltime 
occupation. If he avoids the other ramifications of 
his subject, his practical activities are likely to 
suffer, his outlook will be narrowed, and he will 
be subject to all the evils of overspecialization. 

The Symposium in this issue of the Journal 
reveals many of the secrets of the art of establish- 
ing an artificial circulation, and if there is a certain 
amount of repetition, this is all to the good for, 
coming as it does from different centres, it tends 
to establish the truth and also its significance can 
be more readily absorbed into the mind of the 
trainee. Each future consultant in anaesthesia must 
now be well grounded both theoretically and 
practically in the conduct of patients having 
artificial circulations. 
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THE PHYSIOLOGICAL ASPECTS OF EXTRACORPOREAL CIRCULATION 


W. A. 


BY 
HupDsoNn 


Queen Elizabeth Hospital, Birmingham 


INTRODUCTION 

PROBLEMS in the development and establishment 
of extracorporeal circulation as a safe technique 
permitting deliberate open heart surgery are essen- 
tially physiological. O’Shaughnessy (1939) thought 
that the real key to advance in cardiac surgery 
required the provision of an adequate cerebral 
circulation while the heart was out of action. The 
anatomy of the pulmonary veins makes cardiac 
by-pass a difficult technical procedure and extra- 
corporeal circulation is now achieved by total 
cardiopulmonary by-pass. The systemic venous 
return is diverted from the right heart by cannulae 
in the great veins and passed to an artificial 
oxygenator, whence it is returned by a pump, the 
artific'al heart, to the systemic arterial system 
through a cannula in a branch of the aorta. Ideal 
cardiopulmonary by-pass, implying the delivery of 
the correct amount of appropriately oxygenated 
blood to the tissues of the whole body without any 
attendant or ensuing adverse physiological effects, 
does not exist. The important observed effects of 
total cardiopulmonary by-pass are metabolic 
changes, especially relating to acid-base balance, 
damage to the blood, and anatomical or functional 
damage to vital organs. Before these changes are 
discussed, the factors involved in developing safe 
cardiopulmonary by-pass will be considered, and 
a short historical account of the early work of 
pioneers in the field will be given. 


Problems innate in total cardiopulmonary by-pass. 

(1) An extracorporeal circulation necessitates an 
extravascular route for the blood. Accidents due 
to bacterial contamination, cessation uf flow aad 
air and particulate embolism must be prevented. 
Blood clots outside its natural intravascular en- 
vironment and extracorporeal circulation was 
never feasible until a reversible physiological anti- 
coagulant had been discovered. Heparin, dis- 
covered by Maclean in 1916, is now universally 
used. Despite adequate heparinization, denaturing 





of the blood occurs, with damage to cellular con. 
stituents and changes in blood chemistry. To avoid 
change in intracorporeal blood volume, the extra. 
corporeal circulation must be charged with donor 
blood. Blood compatibility is essential. An early 
Gifficulty was to provide adequate extracorporeal 
circulation without using an excessive priming 
volume for the extracorporeal system. 

(2) An artificial heart cannot precisely mimic 
the action of a normal heart. Delivery of blood to 
the systemic system is abnormal whether the 
blood is returned to the body by the subclavian or 
the femoral artery. This may interfere with 
regional distribution of blood. No pump has been 
devised which can simulate the pulse of a normal 
heart, though it appears that, for pericds during 
which by-pass is at present required, this is not 
essential. Even non-pulsatile flow is compatible 
with apparently adequate perfusion. An artificial 
heart causes more mechanical trauma to the blood 
than the normal heart. 

(3) Similarly, no artificial lung performs the 
precise function of normal lungs. The difficulty of 
achieving by-pass without incorporating the 
patient’s own lungs in the extracorporeal circuit 
has already been mentioned. The filtering pro- 
perties of normal lung are lost and a suitable 
filter must be inserted in the extracorporeal circu- 
lation. It is difficult to simulate the gaseous 
exchange of normal lung with the artificial lung. 
Oxygenation can be adequately achieved if the 
oxygen is allowed to come into direct contact with 
the blood. Under these conditions, carbon dioxide 
is easily removed. Artificial lungs, incorporating 4 
membrane separating blood and gas which simv- 
lates the alveolar membrane of normal lungs are 
being developed, but rapid gaseous exchange is 
difficult. 

(4) Finally, an extracorporeal circulation has no 
homeostatic mechanisms. The homeostatic mech- 
anisms in the intracorporeal circulation ar 
deranged, and those still functioning may not cope 
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with the changes induced by an extracorporeal 
circulation. For this reason, monitoring techniques 
have been developed, so that deviations from 
normal physiology can be recognized and 
corrected. 

The fact that these problems have been over- 
come to such degree that safe extracorporeal 
circulation is now possible is an indication of the 
immense advances made by experimental and 
clinical workers in this field in the last few years. 


Historical 

Gibbon (1939) described the first total cardio- 
pulmonary by-pass with survival. He occluded the 
pulmonary artery of cats, maintaining the circula- 
tion with a pump-oxygenator. He continued to 
develop this machine and performed the first 
successful operation in man in 1953, when repair 
of an atrial septal defect was effected using total 
cardiopulmonary by-pass (Gibbon, 1954). Most 
workers at that time were preoccupied with heart- 
lung machines designed to deliver flow rates 
approaching the resting cardiac output, but the 
work of Andreason and Watson (1953) demon- 
strated the survival of dogs after a period of 
limited flow to the brain. After 8 minutes of total 
circulatory arrest, control dogs all showed signs 
of irreversible cerebral darnage, Dogs could, how- 
ever, survive clamping of both venae cavae for 30 
minutes, the cardiac output being limited to the 
return through the vena azygos which, under these 
conditions, represented about 10 per cent of the 
normal cardiac output. This work was confirmed 
by Cohen and Lillehei (1954), and subsequently 
Lillehei (Warden et al., 1954) demonstrated that 
this limited flow could be supplied by a donor dog 
without prejudice to its own vascular equilibrium. 
In 1954, the first controlled cross-circulation 
perfusion for repair of ventricular septal defect 
was performed, the patient surviving (Lillehei, 
1955). Forty-five operations were performed, 
using this technique, by which time the Lillehei-de 
Wall helix-reservoir bubble-oxygenator had been 
sufficiently developed in the laboratory to merit its 
clinical use for extracorporeal circulation in open 
heart surgery. Initially (de Wall et al., 1956) flow 
rates of 26-60 ml/kg/minute—less than half the 
resting cardiac output—were used. Survival rates 
were excellent, but physiological studies during 
operation demonstrated the development of meta- 
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bolic acidosis, probably associated with inadequate 
flow rates, and a later report from the same centre 
(de Wall et al., 1957) described an increase in 
flow rate to 50-75 ml/kg/minute. At this flow 
rate, still considerably less than the resting cardiac 
output, it was reported that the acidosis produced 
was no more severe than that accompanying 
thoracotomy under general anaesthesia. Mean- 
while, Kirklin (Jones et al., 1955: DuShane et al., 
1956) had begun open heart surgery using a modi- 
fication of the Gibbon-type stationary vertical 
screen pump-oxygenator. He originally perfused 
at 75 ml/kg/minute but, becoming aware that 
total oxygen requirements were more closely 
related to surface area than to body weight, later 
perfused at approximately 2.3 1./sq.m./minute. 
This approaches the resting cardiac output of an 
anaesthetized patient, and perfusion at this level 
is not attended by the development of metabolic 
acidosis. 

Experience gained in the centres mentioned, and 
in other centres in the U.S.A. and now throughout 
the world has allowed definition of the criteria for 
adequate extracorporeal circulation. Adequate per- 
fusion has been defined by Kirklin (Kirklin et al., 
1958a) as that which allows accurate unhurried 
operation and recovery of the patient. This may 
be achieved, of course, in different centres by 
different methods. Reports on the experimental 
and clinical experience of these different centres 
have provided a considerable fund of knowledge 
about the physiological effects of extracorporeal 
circulation. In general terms these are effects on 
metabolism and effects on the blood. The most 
important aspect of metabolism during and after 
extracorporeal circulation is acid-base balance. 
Changes in electrolytes are insignificant and have 
not been investigated extensively. The effects of 
extracorporeal circulation on the blood are trauma 
to its particulate components and disorders in 
coagulation. The effect of extracorporeal circula- 
tion on vital organs—the brain, the lungs, the 
kidneys and the heart—will be described. 


THE EFFECT OF EXTRACORPOREAL CIRCULATION 
ON ACID-BASE BALANCE 


The most important effect of extracorporeal circu- 
lation on metabolism is the development of 
acidosis, which, if not prevented or corrected, 
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may be severe enough to increase the morbidity 
and mortality of open heart surgery. 

Before cardiopulmonary by-pass, a respiratory 
alkalosis is usually induced by controlled respira- 
tion with manual hyperventilation. During cardio- 
pulmonary by-pass, a metabolic acidosis, charac- 
terized by a primary decrease in bicarbonate, with 
an increase in fixed acid, may develop. This may 
remain compensated, with no fall in blood pH, 
because of the pre-existing respiratory alkalosis 
and because most oxygenators are efficient in 
removing carbon dioxide. The most important 
cause of this metabolic acidosis is hypoxia due to 
inadequate flow rates. Other contributory causes 
will be discussed. After cardiopulmonary by-pass, 
providing a satisfactory circulation has been 
re-established, fixed acid metabolites are excreted 
and the acid-base balance tends to return to 
normal. If a satisfactory circulation has not been 
re-established, the metabolic acidosis may become 
more severe, and may be complicated postopera- 
tively by an added respiratory acidosis due to 
pulmonary hypoventilation, with failure to remove 
carbon dioxide. The acidosis becomes uncompen- 
sated and the blood pH falls. 


Experimental and clinical observations. 

Miller et al. (1951), while developing a film- 
oxygenator reported falls in pH to as low as 7.25 
during extracorporeal circulation at flow rates 
averaging 88 ml/kg of body weight/minute. 
Dennis et al. (1951), quoted by Callaghan et al. 
(1958), using a different film-oxygenator, reported 
a fall in pH to 7.2 in the hour following perfusion, 
with a return to normal values within 48 hours. 

De Wall et al. (1956) stated that pH alone was 
an unreliable index of acid-base balance because 
of blood buffer compensating mechanisms, and 
used plasma bicarbonate estimations as an index 
of increase in fixed acid. Reporting studies on 60 
of their first 80 human perfusions using the helix- 
reservoir bubble-oxygenator at flow rates between 
26 and 60 ml/kg of body weight/minute, they 
found moderate plasma bicarbonate depression in 
acyanotic subjects, associated, in a few studied, 
with an increase in lactate levels to twice pre- 
perfusion values although the arterial pH remained 
substantially normal. In cyanotic subjects they 
demonstrated an uncompensated metabolic acido- 
sis under ambulatory conditions before perfusion, 
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with a great depression of plasma bicarbonate 
after perfusions. Later, de Wall et al. (1957) 
described the results of investigations of 129 
patients undergoing open heart surgery. The 
perfusion rates were higher—between 50 and 75 
ml/kg of body weight/minute in acyanotic and up 
to 100 ml/kg of body weight/minute in cyanotic 
patients. Flow rates were adjusted to give a 
adequate arterial perfusion pressure and a satis. 
factory electroencephalogram. They concluded 
that at these flow rates the depression of plasma 
bicarbonate was no greater than that found after 
general anaesthesia for minor surgical procedures, 
They demonstrated an uncompensated meta- 
bolic acidosis in cyanotic patients prior to per- 
fusion, with return of pH and plasma bicarbonate 
to normal levels within 18 hours if the defect had 
been adequately repaired. They pointed out that a 
metabolic acidosis due to anaerobic oxidation of 
glucose was present in the donor blood in the 
machine prior to total cardiopulmonary by-pass. 

Paneth et al. (1957) confirmed the development 
of a metabolic acidosis in control dogs undergoing 
general anaesthesia and thoracotomy only. They 
perfused 48 dogs for 1 hour at flows varying be- 
tween 0.22 1./sq.m. of body surface/minute and 
2.6 1./sq.m. of body surface/minute. They demon- 
strated uncompensated metabolic acidosis with a 
low pH, plasma bicarbonate deficit and raised 
lactic acid levels at flow rates of 0.4-0.8 1./sq.m. 
of body surface/minute. At perfusion rates of 12 
1./sq.m. of body surface/minute the rate of « xcess 
lactic acid production, plasma bicarbonate deficit 
and fall in pH was reduced. At and above this 
perfusion rate the arterio-venous oxygen difference 
remained constant, suggesting that oxygenation 
was adequate. At higher rates (2.6 1./sq.m. of body 
surface/minute) the bicarbonate deficit after per- 
fusion for 1 hour was less than in the control dogs 
undergoing only thoracotomy under general anaes 
thesia. 

Clowes et al. (1958) perfused three groups of 
dogs at varying flow rates for 1 hour, using 4 
membrane-oxygenator. They found that at flow 
rates of 26-36 ml/kg/minute, the oxygen con 
sumption was only 47 per cent of controls. At 70- 
110 ml/kg of body weight/minute, it was 85 pet 
cent of controls. Acidosis and lactic acid accumt- 
lation was inversely proportional to the perfusion 
rate despite maintenance of normal carbon dioxide 
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tensions. After perfusion, acidosis increased in all 
dogs, but to a greater degree in those which sub- 
sequently died. These developed an uncompen- 
sated acidosis due to an inability to maintain a 
normal carbon dioxide tension postoperatively— 
in other words, a superimposed respiratory acido- 
sis o@ a metabolic acidosis. 

Mendelsohn et al. (1957) reporting their results 
on 37 patients, using a multiple disc-oxygenator, 
also noted a fall in pH and a bicarbonate deficit, 
which they suggested was due to circulatory stasis. 
They too remarked on the metabolic acidosis pre- 
sent in the donor blood in the oxygenator prior to 
total cardiopulmonary by-pass. 

Callaghan et al. (1958) investigated acid-base 
aspects in 35 patients subjected to extracorporeal 
circulation using the Lillehei-de Wall bubble- 
oxygenator. They found that pH remained fairly 
constant during perfusions of up to thirty minutes 
and was then followed by a slight fall. Bicarbonate 
was often reduced, the acidosis being compensated 
by low carbon dioxide levels thus demonstrating 
the efficiency of the oxygenator in removing excess 
carbon dioxide. After total cardiopulmonary by- 
pass, however, in five patients out of twelve 
studied, a fall in arterial pH was observed. This 
was associated in three patients, who subsequently 
died, with a raised carbon dioxide tension, indicat- 
ing a superimposed respiratory acidosis. 

Several workers have been struck by the similar- 
ity between the acidosis of extracorporeal circula- 
tion and that of haemorrhagic or hypovolaemic 
shock. Beatty (1945) reported a rapid return of 
lactate levels to normal values in dogs surviving 
severe haemorrhage. Allison et al. (1949) demon- 
strated that high lactate levels in hypovolaemic 
dogs rapidly fell to normal values in survivors, but 
did not decrease in dogs that died. Bicarbonate 
levels fell and remained low in non-survivors. 


Acidosis during total cardiopulmonary by-pass. 

Uncompensated metabolic acidosis occurs in 
cyanotic subjects under ambulatory conditions 
before total cardiopulmonary by-pass (de Wall et 
al., 1956). 

General anaesthesia and surgery lead to mild 
metabolic acidosis (de Wall et al., 1957). Paneth 
et al. (1957) emphasised that this occurred: despite 
a marked respiratory alkalosis produced by 
hyperventilation. 
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Metabolic acidosis accompanying extracorporeal 
circulation might in part be due to the acidity of 
the priming blood in the extracorporeal system. 
Callaghan et al. (1958) found that the actual mean 
pH of eleven samples of donor blood fell from 
7.53 to 7.42 at the end of 4 hours. They re- 
marked, quoting Bird (1947) that, small as this 
pH fall may be, the accumulation of lactic acid 
due to anaerobic glycolysis was in the order of 16.5 
mg per 100 ml of blood per hour at 37.5°C. This 
acidosis of the priming blood is obviously a con- 
siderable factor in small children, when the 
priming volume of the extracorporeal system may 
be three or four times the patient’s blood volume. 
To correct this, Kolff et al. (1956) routinely gave 
4.5 m.equiv./kg of sodium bicarbonate during 
total cardiopulmonary by-pass, repeating the dose 
3 hours postoperatively. 

The most important cause of metabolic acidosis 
during total cardiopulmonary by-pass is hypoxia. 
Hypoxia due to inadequate external respiration is 
not a significant factor. With established pump- 
oxygenators, full arterial oxygen saturation is 
achieved, though adequate oxygenation has been 
a problem with membrane-oxygenators. Excessive 
removal of carbon dioxide in the oxygenator may 
lead to respiratory alkalosis. The rise in blood pH 
may influence the dissociation curve of oxyhaemo- 
globin, so that, even in the presence of fully satur- 
ated haemoglobin, poor oxygen release may lead 
to tissue anoxia (Eiseman, 1958). The cardinal 
cause of hypoxia during total cardiopulmonary by- 
pass is a flow rate inadequate to meet the oxygen 
requirements of the body. Kirklin et al. (1958b) 
stated that the flow rate should approximate to the 
resting cardiac output of the anaesthetized patient 
and considered this to be approximately 2.3 
1./sq.m. of body surface/minute. At these flow 
rates, metabolic acidosis did not occur. Lillehei 
(Paneth et al., 1957) considered that at flow rates 
of 1.2 1./sq.m. of body surface/minute, oxygen 
requirements, as assessed by arterio-venous oxygen 
saturation differences, are met without the attend- 
ant disadvantages of high flow rates. 


Acidosis following total cardiopulmonary by-pass. 

The acidosis occurring after total cardiopulmon- 
ary by-pass may be metabolic, respiratory or both. 
Progressive metabolic acidosis leading to death 
occurs when the body’s homeostatic mechanisms 
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are impaired. It is observed when a satisfactory 
circulation has not been established after total 
cardiopulmonary by-pass, and is likely to occur 
when surgical cure of the circulatory defect has 
not been achieved. Under such circumstances, the 
compensatory mechanisms of the body do not 
function, and in the presence of an impaired circu- 
lation, progressive hypotension with further 
hypoxic acidosis ensues. Hypovolaemia following 
total cardiopulmonary by-pass produces hypoten- 
sive hypoxic acidosis, and for this reason great 
care must be taken after total cardiopulmonary by- 
pass to ensure that the pre-existing blood volume 
is restored and that any postoperative fall in blood 
volume due to haemorrhage is corrected. Hypo- 
tensive hypoxic acidosis may be due to myocardial 
damage. It has been emphasised (Ross et al., 1958) 
that stretching of the myocardium due to ventri- 
cular distension during elective cardiac arrest may 
result in hypotension following total cardiopul- 
monary by-pass. To avoid this, ventriculotomy or 
atrial venting should be performed before elective 
cardiac arrest is instituted, and no attempt should 
be made to end total cardiopulmonary by-pass 
until evidence is available that the myocardium has 
recovered its tone and left ventricular ejection is 
satisfactory following recovery from elective 
cardiac arrest. Hypotensive hypoxic acidosis may 
also follow depression of the medullary centres 
resulting from anoxia, from air, fibrin or silicone 
emboli, or from oxygen intoxication (Clowes et 
al., 1958). 

A superimposed respiratory acidosis may result 
from postoperative hypoventilation. The pain due 
to the thoracotomy wound may inhibit adequate 
respiratory movements, and analgesic drugs may 
improve ventilation. The airways of infants are 
relatively narrow and airway obstruction may 
necessitate tracheotomy, either electively prior to 
operation, or in the immediate postoperative 
period. Assisted respiration with a mechanical 
ventilator may be indicated. 

Changes in the pulmonary parenchyma follow- 
ing total cardiopulmonary by-pass have been 
described (Kirklin et al., 1958b). At autopsy, 
multiple areas of collapse, haemorrhage and 
oedema were seen. Alveolar gaseous exchange 
was impaired, leading to anoxia and hypercarbia 
with the development of a respiratory acidosis. 
The role of the kidneys in regulating acid-base 
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balance remains to be discussed. Renal hypotep. 
sion during or after total cardiopulmonary by-pas. 
renal embolism and renal damage due to th 
breakdown products of excessive haemolysis may 
impair the ability of the kidneys to excrete an acid 
urine and dispose of the fixed acid metabolites, 


EFFECTS OF EXTRACORPOREAL CIRCULATION 
ON THE BLOOD 


Despite adequate heparinization, and improved 
pump-oxygenators designed to minimise turby. 
lence and direct trauma to the blood, changes in 
the cellular and non-cellular elements of the 
blood are observed during and after extracorporeal 
circulation. The important effect on the red cells 
is traumatic haemolysis. The white cell count may 
fall during total cardiopulmonary by-pass, but 2 
leucocytosis in the absence of overt infection may 
develop after total cardiopulmonary by-pass and 
may persist for seven to ten days. The platelet 
count falls at the onset of cardiopulmonary by- 
pass and may remain below normal levels for the 
next 24 hours. Important effects of changes in the 
non-cellular elements of the blood following extre- 
corporeal circulation are disorders of coagulation. 


Haemolysis. 

Haemolysis due to pyrogens, bacterial cop- 
tamination or incompatibility of pooled donor 
blood is avoidable. 

Traumatic haemolysis occurs to some extent in 
any form of extracorporeal circulation. The blood 
factors involved in traumatic haemolysis include 
the age of the blood, cohesion of red cells, sphen- 
oidicity of red cells, innate fragility of red cell 
membranes and temperature, haemolysis being 
more rapid above 55°C (Ferbers and Kirklin, 
1958). Extracorpuscular haemoglobin resulting 
from red cell destruction is immediately bound by 
haptoglobin present in normal plasma which is 
capable of combining with 60 to 200 mg of 
haemoglobin per 100 ml of plasma. This haemo- 
globin-haptoglobin complex is removed by the 
reticulo-endothelial system and the breakdown 
products are probably excreted as bile pigments. 
With plasma haemoglobin levels exceeding the 
figures stated, the haptoglobin is saturated, and 
free haemoglobin is excreted by the kidneys. This 
mechanism explains the observed findings that 
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haemoglobinuria does not occur until high levels 
of free plasma haemoglobin are reached, but, once 
established, haemoglobinuria continues until the 
plasma haemoglobin has fallen to insignificant 
levels. 

Under the conditions of total cardiopulmonary 
by-pass, plasma haemoglobin concentrations are 
used as an index of haemolysis. Because of the 
body mechanisms which remove circulating 
plasma haemoglobin, studies of traumatic haemo- 
lysis are best performed during circulation of 
blood through a closed system of pump and/or 
oxygenator without a patient or experimental 
animal in the circuit. Ferbers and Kirklin (1958) 
demonstrated that with a plastic sheet bubble- 


* oxygenator, after closed circulation for one hour, 


the plasma haemoglobin was more than ten times 
higher than after circulation for 1 hour incorpora- 
ting a dog in the circuit. 

Traumatic haemolysis occurs in the extra- 
cerporeal circuit and at the site of arterial cannula- 
tion. Direct mechanical trauma to the blood by 
pumps and tubing is less important than turbu- 
lence. Turbulence is produced in the extracor- 
poreal circuit or in the artery receiving the arterial 
flow, when changes in internal diameter of tubing 
or Ganges in direction of flow cause pressure 
gradients. One of the problems associated with 
high flow rates is the difficulty of delivering this 
large flow through a relatively narrow arterial 
cannula. Dodrill et al. (1957) suggested the sutur- 
ing of an arterial graft to the descending aorta to 
take a 'arge arterial cannula, but most centres find 
left subclavian or common femoral arterial cannu- 
lation satisfactory. Kirklin et al. (1958a) compared 
traumatic haemolysis after comparable perfusions, 
using the Gibbon type vertical stationary screen- 
oxygenator and a pplastic-sheet bubble-type 
oxygenator. Concentrations of plasma haemo- 
globin were measured during circulation for one 
hour using the pumps and oxygenators, followed 
by circulation for one hour using the pumps only. 
Using the screen-oxygenator, after 2 hours total 
circulation. the plasma haemoglobin concentration 
was negligible. Using the bubble-oxygenator, there 
was a rise & plasma haemoglobin to 280 mg/100 
ml in the fir:t hour when both pumps and oxygen- 
ator were in ‘he circuit but an insignificant further 
tise in the second hour, using only the pump. 
They concluded that, in this instance, the haemo- 
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lysis was caused by the bubble-oxygenator, and 
thought that this was the result of turbulent flow 
induced by the oxygen jets and was not due to 
foaming (Ferbers and Kirklin, 1958). Excess 
foaming, nevertheless, indicates the deposition of 
fibrin (probably associated with inadequate hepar- 
inization) and may cause mechanical haemolysis. 
Powerful coronary suction with return of this 
blood to the extracorporeal circuit may also be a 
factor in mechanical haemolysis. 

A raised plasma haemoglobin concentration 
may give rise to chills, fevers, cramps and vomit- 
ing. With severe haemolysis anuria may occur, due 
either to severe renal vasoconstriction (Ferbers 
and Kirklin, 1958) or to the blockage of renal 
tubules by casts of haemoglobin or its breakdown 
products. 

Patients may develop anaemia three weeks after 
extracorporeal circulation. Though survival studies 
with tagged red cells suggest an antigen-antibody 
reaction, it is possible that premature death of 
red cells damaged during extracorporeal circula- 
tion has occurred. 


Disorders of coagulation. 

Extracorporeal circulation is associated with a 
degree of extravascular, and possibly intravascular, 
clotting which, if severe, depletes the body of 
factors essential to prevent abnormal bleeding, 
and may give rise to a severe or fatal postoperative 
state. This abnormal coagulation is diminished, 
but not prevented, by heparin. 

Extravascular clotting occurs if the blood comes 
into contact with rough, dirty or wettable surfaces 
in the extracorporeal system. Direct trauma to 
platelets by the pump or by oxygen bubbles, and 
trauma due to turbulence increase extravascular 
clotting. With improved design of pump-oxygen- 
ators, the degree of extravascular clotting due to 
these causes has been reduced. 

Adequate heparinization inhibits extravascular 
clotting. Until recently, the occurrence of post- 
operation haemorrhagic states was thought to be 
due to over-heparinization. It was stated that pro- 
tamine neutralization postoperatively was difficult 
to achieve, or was followed by a phenomenon of 
“heparin rebound”, where a clotting time, origin- 
ally restored to normal, became again prolonged 
with attendant haemorrhage due to the more rapid 
inactivation of protamine than heparin. This 





384 


theory is now refuted (Perkins et al., 1958) and an 
accepted amount of heparin is considered to be 3 
mg/kg of body weight. Heparin is neutralized in 
vitro by an equal amount of protamine. In vivo 
protamine is more effective and one might expect 
that a smaller dose would be required. In fact, 
after extracorporeal circulation a larger dose is 
needed (up to 5 mg of protamine per kg of body 
weight) because in the presence of thrombocyto- 
penia, the anti-heparin effect of platelets is 
diminished and because the donor blood used to 
prime the extracorporeal circuit is heavily heparin- 
ized. Protainine in excessive doses, however, has an 
anticoagulant effect. A method of protamine titra- 
tion has been described by Perkins et al. (1956). 

Inadequate heparinization may lead to intravas- 
cular coagulation. Heparin affects surface tension, 
and excessive foaming, indicating impending 
coagulation and defibrination, is an index of 
inadequate heparinization. Fibrin emboli or 
thromboses may be a cause of the syndrome of 
sudden death, attended by cyanosis, hypotension, 
skin mottling and coma, described after extra- 
corporeal circulation (Nyhus, 1958). Intravascular 
clotting may also lead to the production of 
fibrinolysins with the occasional depletion of 
fibrinogen levels, attended by postoperative bleed- 
ing. Von Kaulla and Swan (1958) reported an 
increased fibrinolytic activity during total cardio- 
pulmonary by-pass due to inadequate flow rates 
and acidosis. Release of adrenaline during by-pass 
may lead to production of fibrinolysins. Excess 
circulating fibrinolysins have been described in 
patients with cyanotic congenital heart disease. 
The fibrinolysins produced during total cardio- 
pulmonary by-pass remain active for up to four 
hours, and can be demonstrated by an in vitro 
clot lysis test (Allen, 1958). Prothrombin activity 
and its utilization are not affected by extracor- 
poreal circulation unless fibrinolytic mechanisms 
are accelerated. 

Haemorrhage after extracorporeal circulation 
may be due to lack of surgical haemostasis, inade- 
quate neutralization of heparin, severe throm- 
bocytopenia or fibrinogen depletion. Surgical 
bleeding is suspected if bleeding from or into the 
chest occurs in the absence of purpura or bleeding 
from the small cannulation wounds. It demands 
re-exploration of the chest to secure haemostasis. 
Allen (1958) describes simple laboratory pro- 
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cedures to distinguish the causes of bleeding due 
to coagulation defects. Inadequate neutralization 
of heparin is treated by administering more pro- 
tamine. Thrombocytopenia is treated by infusion 
of platelet concentrates, if available. Depletion of 
fibrinogen is demonstrated by high fibrinolysin 
titres and is corrected by the intravenous injection 
of 6-12 g. fibrinogen in 200 ml, repeated once in 
4 hours if continued lysis of the transfused 
fibrinogen occurs. 


EFFECTS OF EXTRACORPOREAL CIRCULATION 
ON THE BRAIN 


Cerebral circulatory arrest for 3 to 4 minutes at 
normal temperatures causes irreversible ischaemic 
damage, and it is reasonable to assume that 
inadequate cerebral circulation for a longer period 
of time may have similar effects. Adequate cerebral 
circulation during extracorporeal circulation 
demands the delivery to the brain of an adequate 
flow of blood, containing adequate constituents. 

Cerebral blood flow depends on the arterial 
blood pressure and the cerebral vascular resistance, 
The systemic arterial blood pressure during total 
cardiopulmonary by-pass depends on the flow rate 
and the total peripheral resistance. If the flow rate 
is inadequate, cerebral blood flow may be main- 
tained by reflex systemic vasoconstriction, the 
vasomotor tone of the cerebral circulation remain- 
ing unchanged. (It is possible to maintain the 
systemic arterial pressure by increasing the 
systemic blood volume, but this is associated with 
a raised venous pressure, which may lead to raised 
intracranial pressure and cerebral oedema.) Halley 
et al. (1958) demonstrated experimentelly the 
importance of the systemic peripheral resistance in 
maintaining cerebral blood flow when they found 
that, in dogs, the cerebral blood flow is propor- 
tional to the mean systemic arterial pressure 
achieved during total cardiopulmonary by-pass and 
bears no direct relation to the flow rate. 

The cerebrovascular resistance tends not to alter 
during systemic vasoconstriction, but is sensitive 
to changes in oxygen and carbon dioxide tension. 
Low oxygen tension and high carbon dioxide ten- 
sion cause vasodilatation, with a reduction in resis- 
tance, and thus an increased cerebral blood flow. 
To a lesser extent, high oxygen tensions and low 
carbon dioxide tensions cause vasoconstriction, 
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and thus a reduced flow. Cerebrovascular resist- 
ance is also sensitive to temperature changes, in- 
creasing as the temperature falls. 

The normal oxygen tension of arterial blood is 
about 100 mm Hg. Oxygen tensions greatly in 
excess of this figure are produced by most oxygen- 
ators, and unless steps are taken to prevent this, 
oxygen poisoning (Stadie et al., 1944) may occur. 
If the blood in the oxygenator at less than body 
temperature is exposed to pure oxygen, the oxygen 
tension may become greater than atmospheric 
when introduced into the warmer intracorporeal 
circulation, due to the decrease in oxygen solu- 
bility at a higher temperature. This potential 
hazard may be overcome either by maintaining the 
oxygenator at body temperature or by reducing 
the partial pressure of oxygen in the oxygenator. 

The normal carbon dioxide tension of the tis- 
sues exceeds 40 mm Hg and therefore the arterial 
carbon dioxide tension should be less than this 
figure, otherwise carbon dioxide will not be 
removed from the tissues. Oxygenators are 
efficient carbon dioxide eliminators, and the 
carbon dioxide tension of blood in the arterial line 
may approach zero so that normal cerebral vaso- 
dilatation may not be achieved. Some workers 
add three per cent carbon dioxide to the oxygen 
to maintain the carbon dioxide tension in the 
arterial line between 30 and 40 mm Hg at body 
temperature. Continuous monitoring of the par- 
tial pressure of both oxygen and carbon dioxide 
in the arterial line offers a more satisfactory 
control over these factors. 

Lobpreis (1959) pointed out the dangers of 
hypoglycaemia during total cardiopulmonary by- 
pass. Heparinized donor blood on standing under- 
goes anaerobic glycolysis by the red cells with a 
fall in the blood sugar level of 10.5 mg per cent 
per hour, for the first 4 hours. Frank hypoglycae- 
mia may thus occur, especially in infants whose 
total blood volume is a fraction of the priming 
volume of the machine. To prevent this; donor 
blood should be received into a heparin-glucose 
solution. 

Studies of the effect on the brain of circulating 
metabolites have not been documented, but there 
is clinical evidence that acidosis has an adverse 
effect on the brain. 

_ An obvious hazard of extracorporeal circulation 
is embolism. Massive air embolism may follow an 
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accident during total cardiopulmonary by-pass, 
when air gets into the arterial hose. Less obvious 
embolism may be due to microscopic gas bubbles 
or particulate matter, and will occur to a greater 
extent at high flow rates and during prolonged 
cardiopulmonary by-pass. 

Fries et al. (1957) suggested that gas embolism 
was a cause of death after extracorporeal circula- 
tion using an oxygenator, and later simulated the 
picture of neurological damage by deliberate injec- 
tion of air or oxygen into the carotid artery of 
dogs. Gas embolism due to microscopic bubbles is 
not confined to bubble-oxygenators, but can occur 
in any oxygenator where blood and gas are 
brought into direct contact with each other. Mem- 
brane-oxygenators do not have this disadvantage. 
The danger of oxygen embolism due to high 
oxygen tensions has already been discussed. 

Particulate emboli may be fibrin or silicone. 
Fibrin particles due to denaturing of the blood, 
possibly related to inadequate heparinization, may 
be seen adhering to the filter and tubing of the 
heart-lung machine after total cardiopulmonary 
by-pass, and have already been mentioned as an 
intravascular cause of fibrinolysin production. 
Cerebral lesions due to fibrin emboli have not 
been observed histologically. 

Silicone antifoam is used in some pump-oxygen- 
ators to prevent foaming of the blood. In the 
bubble-oxygenator it is also used in the 
“debubbler” to break up the bubbles produced in 
the oxygenating column. Gianelli et al. (1957), 
comparing the effects of various types of pump- 
oxygenator in dog perfusions, reported neuro- 
logical abnormalities which they suspected were 
due to silicone embolism. These occurred with 
bubble-oxygenators but not with screen or rotating 
disc-oxygenators. Taylor (1958) described similar 
neurological damage and Yates et al. (1959) 
demonstrated silicone emboli histologically. Smith 
(1959) examined the brains of 39 dogs subjected 
to extracorporeal circulation in Birmingham using 
a bubble-oxygenator. He found histological 
evidence of extensive silicone embolism in 28 
animals (72 per cent) including lesions in 18 dogs 
which survived for 14 days after total cardio- 
pulmonary by-pass without obvious clinical neuro- 
logical damage. He also described similar lesions 
in patients who died shortly after open heart 
surgery, and speculated that these lesions in 
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patients surviving open heart surgery using a 
bubble-oxygenator were potentially epileptogenic. 

In our experience, neurological sequelae of 
extracorporeal circulation using a bubble-oxygen- 
ator, occur 6 hours to 3 days after operation. 
Failure to regain consciousness after the operation 
is exceptional. After a period of 6 hours, during 
which the patient is quite alert, drowsiness or 
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cerebral irritation may appear. The “sudden 
death” due to rapid respiratory failure (Kirklin 
et al., 1958b) has been observed. This may be a 
cerebral episode. In other patients, transient focal 
neurological signs, Jacksonian epilepsy, or general- 
ised convulsions may occur. This state has beep 
considered to be due to cerebral oedema and has 
not so far proved fatal. Our present knowledge 
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Grades of electroencephalogram during total cardiopulmonary by-pass. 
Grade a is a waking record, Grades 1 and 2 show a satisfactory 
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‘ does not permit us to point to a single causal 
a factor, though embolism rather than inadequate 
— cerebral blood flow seems more likely in that these 
= = ; neurological abnormalities seem to occur more 
_— frequently after total cardiopulmonary by-pass at 
zeneral- . 

high flow rates. 


a The electroencephalogram (e.e.g.) is a valuable 
- pe monitor of cerebral function during extracorporeal 
ywledge circulation (Theye et al., 1957; Hodges et al., 


1958). Hudson (1958) described a technique for 
recording the e.e.g. in dogs undergoing experi- 
mental extracorporeal circulation and described 
six grades of e.e.g. denoting progressive deteriora- 
tion of cerebral function. 

This technique has been transferred to the 
operating theatre and figure 1 shows the six 
grades of e.e.g. in human subjects. The top tracing, 
showing a rhythm is a waking record. Grades 1 
and 2 are satisfactory and represent the e.e.g. 
under light nitrous oxide and oxygen anaesthesia. 
Grades 3 and 4 are slow, wide amplitude patterns, 
indicating moderate depression of cerebral func- 
tion. Grades 5 and 6 show progressive loss of 
cortical electrical activity. Progressive deteriora- 
tion in e.e.g. grade is a rapid and sensitive sign of 
unsatisfactory cerebral perfusion, and can usually 
be demonstrated to be caused by cerebral venous 
congestion, arterial hypotension or hypoxia. 
Correction of the cause is followed by rapid return 
of the e.e.g. to Grade 1 or 2. There is, as yet, no 
quantitative correlation between these causes and 
the e.e.g. grade, and the technique remains empiri- 
cal. Its limitation is that moderate damage due to 
cerebral embolism can occur without apparent 
e.e.g. change. 


EFFECTS OF EXTRACORPOREAL CIRCULATION ON 
THE KIDNEYS AND THE BODY ELECTROLYTES 


Extracorporeal circulation is well tolerated by the 
kidneys, producing only transient depression of 
renal function, due to a diminished volume of 
blood passing through the kidneys at a reduced 
pressure. Beall et al. (1957) reported the results 
of studies on seven patients undergoing open 
heart surgery, using a bubble-oxygenator. A “low 
flow” rate of only 25 per cent of the cardiac out- 
put was used. The mean blood pressure, though 
variable, was largely in the range of 35 to 50 
mm Hg. There was no significant depression of 
renal function during anaesthesia, thoracotomy 
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and preparation for total cardiopulmonary by-pass. 
During total cardiopulmonary by-pass glomerular 
filtration rate and renal blood flow fell to 29 per 
cent and 23 per cent respectively of pre-operative 
control values. Urinary output fell to 33 per cent 
and urinary sodium and potassium excretion fell 
to 50 per cent and 48 per cent respectively of 
control levels. After total cardiopulmonary by- 
pass, the glomerular filtration rate was 92 per 
cent and the renal blood flow 73 per cent of pre- 
operative controls. Urinary sodium was not signi- 
ficantly abnormal though urinary potassium levels 
exceeded control values. There was no change in 
haematocrit or serum sodium levels during the 
studies though the serum potassium fell, (probably 
due to intravenous infusion of glucose and saline) 
returning to normal within 24 hours. Andersen 
(1958) performed comparative experimental 
studies of renal function during extracorporeal 
circulation, using low and high flow rates. At flow 
rates of 40 ml/kg/minute, glomerular filtration 
rate, renal blood flow, urine and electrolyte excre- 
tion demonstrated almost complete cessation of 
function, whereas at flow rates of 100 ml/kg/ 
minute, measurements remained at control levels. 
Morris et al. (1958) investigated renal function 
during aortic by-pass and total cardiopulmonary 
by-pass. During aortic by-pass renal function was 
suppressed when the mean distal aortic pressures 
were less than the filtration pressure (about 32 
mm Hg) but measurable renal blood flow was pro- 
duced if the mean distal aortic pressure was 40 
mm Hg. In their view, perfusion rates of 35 ml 
/Hg/minute were sufficient to prevent ischaemic 
damage to the kidneys. 

Ashton, quoted by Smith (1959) noted circular 
capillary “holes” in the renal glomeruli of dogs 
subjected to total cardiopulmonary by-pass using 
a bubble-oxygenator. He assumed that these were 
embolic silicone lesions. There was no inflamma- 
tory reaction around them, and, at the present 
time, we have no knowledge about the significance 
of these lesions in man. 


EFFECTS OF EXTRACORPOREAL CIRCULATION 
ON THE LUNGS 


An important and frequent cause of death follow- 
ing extracorporeal circulation is respiratory 
insufficiency. Kirklin et al. (1958b) reporting the 
results of open heart surgery in 245 patients, found 
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that pulmonary complications were the most fre- 
quent cause of death and morbidity early in their 
series. Dodrill (1958) thought that the average 
incidence of pulmonary complications in different 
centres was as high as 15-25 per cent. A compar- 
able incidence is not seen in cardiac surgery with- 
out total cardiopulmonary by-pass, and it is 
reasonable to suggest that extracorporeal circula- 
tion is a causal factor. The clinical picture is 
variable. After apparently adequate extracorporeal 
circulation and repair, the patient may develop 
profuse frothy, sometimes blood-stained or thick 
tenacious sputum with progressive respiratory 
insufficiency leading to death within a few hours 
or a few days of operation. At autopsy, pulmonary 
oedema, pulmonary parenchymal haemorrhage 
and alveolar collapse are seen. A more insidious 
picture is a rapid respiratory rate and slight 
cyanosis postoperatively with progressive respira- 
tory insufficiency and death. At autopsy, 
extensive alveolar collapse which is not segmental 
in distribution is seen. The cause of these pul- 
monary changes after perfusion is not understood. 
A discussion of the physiology of the lungs 
during total cardiopulmonary by-pass and of 
factors which may have been implicated may 
clarify the problem. 

The lungs have a pulmonary arterial and a 
bronchial arterial circulation. The bronchial arter- 
ies arise from the aorta and pass to the lungs 
along the bronchi. Their function in health is 
unknown. They form precapillary and capillary 
anastomoses with the pulmonary circulation, and 
then drain both into the systemic venous system 
via the azygos, hemiazygos or intercostal veins, 
and also into the pulmonary vein. In Fallot’s 
tetralogy and possibly in septal defects with raised 
pulmonary vascular resistances, the bronchial 
circulation is increased. 

During total cardiopulmonary by-pass, the en- 
tire pulmonary circulation is excluded from the 
extracorporeal system. The bronchial arteries, 
however, continue to receive oxygenated blood 
from the pump-oxygenator via the aorta. A pro- 
portion of this blood returns to the superior vena 
cava and thus to the extracorporeal circuit. The 
remainder passes through collateral vessels into 
the left atrium via the pulmonary veins and also 
into the pulmonary artery. 

In most centres, the lungs during total cardio- 
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pulmonary by-pass are held motionless but gently 
inflated with air or an oxygen-helium mixture 
This procedure ensures alveolar patency during 
the time of total cardiopulmonary by-pass, and 
prevents alveolar damage which may occur if lungs 
without a pulmonary circulation are exposed to 
high oxygen concentrations. 

Anoxia and retention of carbon dioxide in the 
lungs have been suggested as causes of alveolar 
damage during total cardiopulmonary by-pass, 
Hypervolaemia following total cardiopulmonary 
by-pass may cause pulmonary oedema or haemorr- 
hage. A fall in the osmotic pressure due to dilution 
of the intracorporeal blood may result in exuda- 
tion into lung tissues and alveoli. (Kirklin adds 
concentrated serum albumin to the system to 
compensate for the haemodilution in the donor 
blood caused by the normal saline used in initial 
priming of the machine and as the vehicle for the 
heparin.) Transient cardiac failure after by-pass 
may cause pulmonary oedema. Muller et al. (1958) 
considered that the pulmonary complications of 
extracorporeal circulation were related to in- 
creased pressures in the pulmonary circulation 
during total cardiopulmonary by-pass, arising 
from bronchial flow through the collateral 
anastomoses. They demonstrated experiment- 
ally that the pulmonary artery pressures of 
dogs, with a surgically-induced high bronchial 
arterial blood flow, rose during total cardiopul- 
monary by-pass with elective potassium arrest to 
levels compatible with pulmonary exudation and 
haemorrhage. An increased left atrial pressure was 
also observed. At autopsy, gross and microscopic 
pulmonary haemorrhage was seen. They suggested 
early ventriculotomy and left atrial venting as 
remedies. Ross et al. (1958) observed these find- 
ings in dogs with normal bronchial flows. 

Respiratory insufficiency after by-pass occurs 
more frequently in infants. A bilateral thoracotomy 
or even a midline sternotomy may cause such 
pain that coughing is inhibited, with retention of 
secretion in the alveoli producing alveolar collapse. 
Early tracheotomy with repeated aspiration of 
secretions is then indicated. 


EFFECTS OF EXTRACORPOREAL CIRCULATION 
ON THE HEART 
The coronary flow of the normal heart in sinus 
rhythm is approximately 5 per cent of the resting 
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cardiac output. The myocardium can metabolize 
carbohydrate, lactate, pyruvate, ketone bodies 
and amino-acids. The oxygen consumption of the 
empty normal heart in sinus rhythm is between 
20 and 30 per cent of the normal heart, beating 
in sinus rhythm. This suggests that 70 to 80 per 
cent of the oxygen consumption of the normal 
heart is concerned with external work (Bing, 
1958). 

During total cardiopulmonary by-pass, the 
coronary arteries are filled by retrograde flow of 
oxygenated blood in the ascending aorta delivered 
by the arterial cannula. Before ventriculotomy the 
coronary sinus return enters the right atrium, 
passes to the right ventricle and is pumped 
through the pulmonary circulation into the left 
heart, whence it is returned via the aortic valve 
into the aorta. The normal coronary flow and the 
anastomotic bronchial return represent only a 
small fraction of the normal cardiac output and 
the amount of work performed by the heart during 
total cardiopulmonary by-pass is negligible. After 
ventriculotomy the heart performs no external 
work. The oxygen requirements of the heart are 
thus greatly reduced. During adequate by-pass, 
coronary flow is probably normal, providing the 
aortic valve is competent. If by-pass is inadequate, 
coronary vasodilatation occurs. Read et al. (1957) 
showed that large coronary flows occurred with 
inadequate perfusion. Glenn et al. (1958) reported 
that the coronary circulation of dogs subjected to 
right heart by-pass was only slightly elevated when 
the arterial oxygen saturation of the perfusing 
blood was over 70 per cent. If this was reduced to 
10 per cent, the coronary artery flow was increased 
sevenfold, falling to a lower but still increased 
level after adequate arterial oxygen saturation had 
been resumed. Coronary arterio-venous satura- 
tions were diminished during high coronary flow 
suggesting coronary vasodilatation of such a 
degree that a virtual coronary arterio-venous 
fistula existed. This may be associated with a fall 
in the systemic arterial pressure and thus a 
diminished flow to non-cardiac tissues, both 
during and after by-pass. 


Elective cardiac arrest. 

Elective cardiac arrest allows the surgeon to 
operate on a stationary heart. The methods used 
for achieving this are ischaemic arrest, potassium 
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arrest and acetycholine arrest. Each involves cross- 
clamping of the ascending aorta distal to the 
coronary ostia, interrupting the coronary circula- 
tion. Coronary sinus return is negligible and the 
only blood entering the heart is from the bronchial 
anastomotic circulation. Ischaemic arrest occurs 
after a period of about 5 minutes, during which 
time the heart continues to beat, though less 
vigorously and progressively more slowly. Ventri- 
cular fibrillation may occur. When the aortic clamp 
is released, the coronary circulation is re-estab- 
lished, and the heart begins to beat again, at first 
slowly, irregularly and weakly, but gradually 
returning to a vigorous sinus rhythm. Experi- 
mental studies of the coronary sinus effluent 
immediately after release of the aortic clamp show 
a metabolic acidosis due to anaerobic respiration 
during arrest, and gross coronary vasodilatation, 
with coronary flow reaching up to 80 per cent of 
the total flow, may occur (Glenn et al., 1958). 
Melrose et al. (1955) advocated the use of 
potassium citrate for inducing cardiac arrest, 
believing that the energy requirements of the 
arrested heart were a fraction only of the energy 
requirements of the beating heart, and that, under 
these conditions, coronary stasis for a limited 
period of time was compatible with recovery of 
normal cardiac action. Provided the potassium 
citrate is injected rapidly, arrest occurs within a 
few seconds. After release of the aortic clamp, 
re-establishment of the coronary circulation flushes 
out the potassium citrate and the heart begins to 
beat again. Bentall and Melrose (Bentall, 1958) 
observed that the lactic acid accumulation in the 
heart arrested by potassium was less than a third 
of that occurring when the ischaemic heart con- 
tinued to beat. Elective cardiac arrest is a safe 
adjunct to open heart surgery (Effler et al., 1956; 
Gerbode and Melrose, 1958). Ross et al. (1958), 
however, described elevated intracardiac pres- 
sures during elective potassium arrest, producing 
stretching of the flaccid myocardial fibres and 
pulmonary haemorrhage. They advocated early 
ventriculotomy and atrial venting. Helmsworth et 
al. (1958a, b) produced experimental evidence that 
potassium salts may cause myocarditis or myo- 
cardial necrosis. Acetylcholine arrest (Lam et al., 
1957) is used in some centres. Arrest is not so 
constantly achieved though an advantage may be 
its lack of toxicity to cardiac muscle. 
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The conduct of elective cardiac arrest includes 
monitoring by continuous recordings of the 
electrocardiogram and the systemic arterial pres- 
sure. During the onset of arrest, the electrocardio- 
gram shows bradycardia, absence of atrial activity 
and broadening of the QRS component of the 
ventricular complex. Ventricular tachycardia and 
ventricular fibrillation may occur due to an insuffi- 
cient or too slow injection of arresting agent. Dur- 
ing arrest, the heart is in diastole, and overfilling 
must be prevented by early ventriculotomy or 
atrial venting. During recovery, the ventriculo- 
tomy should not be closed until vigorous heart 
action has been re-established. Following a few 
isolated weak ventricular beats, a regular rhythm 
returns, and sinus rhythm is confirmed by the 
electrocardiogram. This may be preceded by 
varying grades of heart block, ventricular tachy- 
cardia or ventricular fibrillation. Electrical defibril- 
lation is applied to the fibrillating heart and to the 
heart in ventricular tachycardia, since if this latter 
arrhythmia is not stopped, it usually increases in 
rate and changes to ventricular fibrillation. When 
sinus rhythm has returned and the aortic pressure 
shows evidence of left ventricular ejection of 
coronary and bronchial anastomotic return, by- 
pass may be discontinued, but if the systemic 
arterial pressure falls or the heart is seen to dilate 
due to inability to eject its contents, the by-pass 
should be temporarily re-established until myo- 
cardial tone has improved. 


The electrocardiogram. 


Permanent changes in the electrocardiogram 
may be observed after total cardiopulmonary by- 
pass with ventriculotomy. Experimental and 
clinical studies by Zimmerman et al. (1958) report 
postoperative right bundle branch block, due to 
section of the right bundle branch during repair 
of low ventricular septal defects, and unavoidable 
surgical trauma to the right ventricular outflow 
tract and crista supraventricularis during right 
ventriculotomy and infundibular resection. Tem- 
porary or permanent complete heart block is a 
hazard of repair of high ventricular septal defects, 
the posterior sutures damaging the bundle of His. 
Postoperative artificial electrical pacemaking may 
provide an adequate heart rate in patients with 
complete heart block, either until sinus rhythm 
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returns, or until idioventricular rate is rapid 
enough to maintain an adequate circulation. 
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PUMPING AND OXYGENATING SYSTEMS 


BY 


D. G, MELROSE 
Postgraduate Medical School, London 


Were there any conclusive evidence as to the 
role of the pulse in the circulation of the blood, our 
choice of a mechanical substitute for the heart 
would have to be made wholly on these grounds. 
However, no such evidence is available and though 
we must assume that the human body is adapted 
to a pulsatile flow, it is clear that wide variations 
in pulse pressure and contour are acceptable. The 
cardiovascular malformations of coarctation of the 
aorta and aortic valvular incompetence indicate 
that the extremes of minimum and maximum pulse 
amplitudes are equally well tolerated. Thus with- 
out exacting physiological criteria to satisfy, the 
factors underlying the choice of pump are 
essentially practical. 


PUMPING SYSTEMS 
The ideal pump. 

The ideal pump has certain well defined 
features apart from the prerequisite of complete 
reliability. It should not damage blood while 
pumping it, nor should bacterial or chemical con- 
tamination be possible. Several factors influence 
the degree of trauma a pump will inflict on blood. 
Among these is the pressure difference between 
the input and the output sides of the pump. If 
a pump aspirates at a considerable vacuum and 
then suddenly ejects the blood at high pressure, 
and particularly, if this cycle is frequently re- 
peated each minute, then such a pump will 
inevitably be very traumatic. Ideally, the pressure 
gradient in the pump must be minimal, that is, 
it should fill at a positive pressure without suction 
and then impose a steady rise in pressure to 
reach only that level which will overcome the 
resistance imposed by the tubing, the cannula 
and peripheral vessels. Minimizing changes in the 
bore of tubing reduces the possibility of additional 
Pressure gradients. Absence of valves inside the 
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blood stream contributes to the reduction in 
pressure changes by avoiding possible turbulence 
in these areas. 

A smooth inert internal surface to all parts 
through which blood flows is essential and it is 
usual to make such surfaces “non-wetting”. 
Though the vascular epithelium does not exhibit 
this characteristic, there are no means of repro- 
ducing the natural surface which actively inhibits 
coagulation, and a “non-wetting” surface is the 
best alternative. 

Blood transfusion equipment is tending to be 
made of expendable plastic material and this 
should become a prerequisite of pump design. 
The great difficulties arising in cleaning blood 
and protein residues from metal or plastic sur- 
faces even when they are smooth and simple in 
shape, should indicate that no pump chamber 
should be re-used. 

The design of a pump must include a method 
for controlling the flow from it; this must be 
continuously variable from zero to about 5 
litres/minute. Either the stroke volume, stroke 
rate, or both, may be utilized, and as both are used 
in the body, we may again accept a wide varia- 
tion. 

An accurate measure of the pump output from 
minute to minute is as important, perhaps, as the 
ability to control its rate of flow. Either a flow- 
meter must be incorporated in the circuit, or the 
effects of varying diastolic filling or systolic 
ejection pressures must be known and allowed 
for in calibration. For this particular reason the 
ideal pump should be able to eject the same 
volume of blood against varying resistances. 
Some pumps are deliberately arranged to allow a 
certain degree of reversed flow in an effort to 
reduce trauma; this is neither desirable nor neces- 


sary. 
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Continuous flow pumps. 

Allowing that a continuous output is admis- 
sible, it is worthwhile to consider some of the 
problems in the design of this type of pump. 
Such designs are used in the main to move large 
flows at low pressure differences. The boat pro- 
pellor and the aeroplane screws are examples. 
They have in common an absence of valves to 
direct the flow of fluid or gas, and depend for 
pumping action on the rotation of a system of 
blades set at an angle about the axis of rotation. 
While producing an inherently smooth flow, with 
the advantage that such a flow encounters mini- 
mum resistance to its passage along tubes and 
through orifices, it can only do this at the cost 
of some disadvantages. Any form of rotating screw 
allows a certain amount of “slip”—the rotating 
blades sliding through the fluid pumped across 
its direction of flow, which is inefficient. The 
“slip” may be associated with “cavitation” 
whereby areas of very low pressure form behind 
the leading edge of the blade and draw from the 
fluid a quantity of dissolved gas. Both these 
effects must necessarily contribute to haemolysis. 

It is difficult to see how such a pump could be 
made disposable even were its design satisfactory 
in other respects. This fact mitigates against an 
ingenious pump called the Mono pump (Hall et 
al., 1958), the output of which is practically con- 
tinuous. In this pump a screw is rotated within 
an elastic stator of different pitch so that the fluid 
is drawn along the thread as the rotor revolves. 
A good deal of friction is generated between the 
two members of the pump, which should be 
destructive, but in tests it has been surprisingly 
atraumatic. Not yet in use clinically, it may well 
find a place in the future. 


Pulsatile flow pumps. 

Unlike the continuous flow pump, those of 
pulsatile type require some sort of valve to give 
direction to flow and produce a discontinuous 
output. The pulse can be of almost infinite variety 
and may even be of such low amplitude as to 
appear nonexistent. For convenience, these pumps 
can be regarded as falling into two categories, 
those of high amplitude pulsation and those of 
low amplitude pulsation. 

In the first category are those pumps in which 
blood is drawn into a container through a one-way 
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valve and then during the pumping stroke it is ejey. 
ted through another one-way valve. The design ¢ 
Dale and Schuster (1928) is perhaps the best know, 
and serves as a pattern. Recent Modification; 
employed on several machines allow a simp} 
straight elastic tube to be used as a pump cham. 
ber, pumping being carried out by extem 
compression of the tube (Melrose, 1955). Direr. 
tion to the flow is given by occluding the tuk 
at either end for appropriate periods. This phase 
occlusion takes the place of internal valves an 
eliminates them as a source of turbulence. Adjug. 
ment of both stroke volume and rate are possibk 
Such a pump can be remarkably atraumatic an 
is capable of accurate imitation of the natu 
pulse. A disadvantage is that it must be mechan: 
cally rather elaborate to function well thoug 
the pump chamber itself is simple and disposable 
An alternative to this type of pump is know 
as the roller pump. Jouvelet (1934) and DeBake; 
(1934) have given their names to two version 
in which rollers are used to occlude an elas 
tube in such a manner that, when these rolles 
are moved along the tube, their action is 
squeeze out blood contained in the tube. No valve 
are used, progression of the rollers along the tuk 
acting both to provide the pumping stroke an 
to give direction to the flow. When one rolk 
finishes its stroke, another has already begun ani 
hence reversed flow is prevented. The chang. 
over from one roller to another is accompanied 
by a momentary fall in forward flow and pre 
sure, and hence the output is pulsatile. Th 
pressure curve shows a sustained mean pressurt 
interrupted at the change-over point by a dip. 
A good deal of debate has centred around th 
degree of occlusion required to make these pumps 
effective. While forward flow can be produce 
without complete closure of the tube by a rolle, 
it is unwise to attempt to use pumps when at 
justed in this manner. Any rise in resistance wil 
increase the reversed flow past the roller and @ 
a certain resistance all forward flow will ceas. 
At this point the pump will still be apparently 
functioning perfectly. To be effective, complet 
occlusion of the tube is required, which shoul 
be brought about by the use of compressia 
springs adjusted to maintain oclusion of the tub 
to the desired pressure gradient. Further, th 
manner in which the roller occludes the tube® 
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important. A single parallel arrangement between 
roller and backplate is inefficient. More satisfac- 
tory is a backplate grooved to accept the tube 
along which runs a roller the shape of which is 
such that it invaginates one wall of the tube into 
the other. If the radii of roller and groove are 
ganged to match one another, an efficient 
occlusion is produced with a minimum of trauma 


(fig. 1). 


Fic. | 


and 


Occlusive roller pump with grooved backplate 
matching roller. 


No adjustment of the stroke volume is possible 
with the roller pump—an alteration of the pulse 
rate is the only way of altering the output. How- 
ever, this may easily be done by means of a 
variable speed gearbox and, as the output is only 
minimally pulsatile, no attempt need be made at 
reproducing the normal pulse rate. There are 
many advantages to these pumps, which perhaps 
most nearly fill the criteria of an ideal pump. 
The blood comes only in contact with a disposable 
tube; no valves intrude in the lumen; the pulse- 
wave is subdued and causes minimal difficulties 
i passage through a restriction such as the 
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arterial cannula; mechanically, it is relatively 
simple and can be very robust. 

A variation of the roller pumps—perhaps 
occupying a position between them and the more 
intermittent types—is known as the Sigmamotor 
pump (Lillehei et al., 1956). Here progressive 
occlusion along a tube is carried out by a series 
of compressing fingers whose action resembles a 
sine wave. This pump has commanded a very 
large use and has undoubtedly been important in 
the development of the heart-lung machine. How- 
ever, it is unnecessarily traumatic in its present 
form due largely to the very small stroke volume 
used, and to the shock wave induced by the rapid 
oscillations of the compressing fingers. It is best 
used at flow rates below 2 litres/minute, when 
this characteristic is not so pronounced. 

It is fair to state that the problems of pump- 
ing blood during the relatively short period re- 
quired by present surgical techniques have been 
satisfactorily solved by the examples already 
quoted. The search for better solutions will con- 
tinue, for as surgical experience increases, so the 
demand for lengthy perfusions will impose new 
burdens. 


OXYGENATORS 


In the design of heart-lung machines, the most 
vexed question remains the choice of method for 
gas exchange. Four methods present themselves 
for consideration; three are wholly artificial and 
one makes use of the natural lung either in situ 
or after removal from another animal. 


The natural lung. 


The homologous or heterologous animal lung 
is a very effective mechanism for the oxygenation 
of blood and has been used clinically both where 
cross-circulation between human donor and 
patient is employed (Lillehei et al., 1955), and 
where an isolated animal lung is provided for 
gas exchange (Mustard and Chute, 1951). In the 
first technique serious ethical and practical prob- 
lems are raised by the use of a human donor and 
this solution has been abandoned. The second 
alternative has also failed to find favour on 
account of practical difficulties. A proper sterile 
technique is not easily preserved in the prepara- 
tion and setting up of such an oxygenator, and 
there is always the danger of pulmonary oedema 
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and cessation of function. Obviously successful 
in physiological experiments (Starling, 1918) the 
natural lung has not been satisfactory for clinical 
perfusions. 


Semipermeable membranes. 

Of the artificial systems, the most attractive is 
that where, in imitation of the natural pulmonary 
anatomy, a membrane separates blood from gas. 
Such a membrane must have very special 
properties (Melrose et al., 1958), allowing diffu- 
sion of oxygen and carbon dioxide through it at 
a rate of about 20 cc/sq.m/min without itself 
being so porous that blood leaks through it. It 
must have sufficient mechanical strength to with- 
stand pressure, be capable of sterilization by heat, 
and be inert in respect to blood—at first sight an 
almost impossible ideal. However, chemical 
engineers have found that silicone elastomers can 
be produced which virtually meet the specifica- 
tion. At this time (Bramson, 1959) the problem 
has advanced from a search for a perfect mem- 
brane to the problem of its best utilization. The 
mechanical device employing such a membrane 
will only be really practical when it has been 
mass-produced in a disposable form, but there 
is little doubt that this will be accomplished 
eventually. 

The provision of a wholly suitable semi-per- 
meable membrane does not in itself answer the 
many problems of design encountered in an 
oxygenator of this type. The membrane must 
necessarily be supported in a manner which pro- 
vides sufficient rigidity and protection and allows 
the maximum of surface area to be utilized. 
Unsupported membrane layers do not provide 
for an even distribution of blood on their sur- 
faces, and the formation of rivulets and streams 
result in only partial use of the available surface. 
The most practical solution is to sandwich a pair 
of membranes between two plates whose surface 
is corrugated. If the grooves in one plate are set 
at an angle to those in the other, then a quilted 
effect is produced on the membranes between 
them and excellent distributicn of blood results. 
By trial and error a matching of characteristics 
can be achieved whereby such a quilt will allow 
free blood flow at minimal pressure gradient with- 
out trapping a large quantity of blood between the 
films. 
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Having thus achieved an effective spreading 
of thin films of blood between adjacent me. 
branes, another factor comes into play. There js 
on the surface of the membrane a layer of flyjg 
known as the boundary layer: if this is not dis 
turbed and broken up it acts as a barrier to th 
full efficiency of gas diffusion. The natural soly. 
tion is the rhythmic pulsing of respiration in th 
lung which must in part disturb this layer, Ay 
imitation of this effect could be achieved in th 
membrane-oxygenator. 

If a pulsing effect be given to the lung the 
it is logical to attempt to use the lung itself as; 
circulating pump. If two sections of a men 
brane-oxygenator be set up so that they can 
expanded and contracted alternately, and if th 
inlet and outlet to each section be equipped with 
valves, then a combined oxygenator and pump i 
created. With the addition of accurate heat cop. 
trol a heart-lung machine very close to the ide 
will be available. Even now much of this spec. 
fication can be met and it would not be unreasop- 
able to predict that such a machine will & 
available in the future. 


Direct exposure of blood to gas. 

In the absence of an effective membrax 
oxygenator it is necessary to expose blood direct) 
to oxygen. The two methods most commonly it 
use involve either filming of blood on bubble 
of oxygen or on some inert suface. In som 
designs these bubbles are microscopic and dens 
foam is created (Clark et al., 1950). In others th 
bubbles are larger, the foam produced is mud 
less dense, and less difficulty attends the recor- 
struction of blood free from gas _ bubble 
(Clowes et al., 1954). 

A large variety of designs to accomplish ths 
form of oxygenation have been described, one d 
which, the oxygenator ascribed to DeWall a 
his colleagues (1956), is used extensively i 
clinical practice. In it large bubbles are forme 
as oxygen is dispersed in blood and these pas 
up a vertical tube of polyvinyl chloride. 4 
the top of this tube is a debubbling chambx 
containing a silicone anti-foam compound, fret 
which the defoamed blood is allowed to descent 
in a spiral of wide-bore tubing. This helix at 
as a settling chamber and also as a reservoir fros 
which oxygenated blood can be pumped. Tk 
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tubing is disposable and the unit is newly con- 
structed for each perfusion. It is likely that a great 
variety of fully disposable units will eventually 
be produced, for this is undoubtedly the simplest 
method of oxygenating blood. However, it is not 
yet known what physicochemical alterations to 
the blood such bubbling devices cause, nor 
whether any such changes are important. 

The bubble-oxygenator has allowed several 
hundred intracardiac operations to be performed, 
with a mortality of between 20 and 25 per cent. 
However, it has been repeatedly demonstrated in 
surgery that a new technique, even in the hands 
of the finest exponents, carries an alarming mor- 
tality, but if this is placed against the inevitable 
early death of a large proportion of these patients 
it represents a very significant advance. This 
device has not solved the many problems of 
cardiac surgery, and it cannot be denied that 
the system has certain limitations and is best 
used in circumstances in which perfusion rates 
are low and operation times are short. Improve- 
ments may fully overcome the present disad- 
vantages and give to this relatively simple device 
a greater range of use, though it seems a better 
principle still to exclude gas bubbles by not 
creating them. 

That the guiding principle should be the full 
replacement of the circulation with adequate 
reserves of oxygenation and flow rate is the firm 
conviction of the group of surgeons, physiologists, 
anaesthetists and others at the Mayo Clinic (Kirk- 
lin and his colleagues, 1955). This team has 
demonstrated a remarkable mastery of all the 
problems involved. They have chosen a method 
of oxygenation which involves the direct exposure 
of blood to gas but which does not involve the 
bubbling of gas through blood. This principle 
whereby blood is spread in very thin films and 
exposed directly is one of the oldest known. To 
enumerate the many methods described to ensure 
the provision of large surface areas would involve 
a lengthy historical review. Three exampies will 
make clear the principles. Von Frey and Gruber 
(1885) in their artificial lung allowed blood to 
spread in a thin film over the inner surface of 
a cylinder filled with oxygen. The surface area 
was approximately half a square metre. Variants 
of this were tried in succeeding years but proved 
ineffective. Bjork (1948) in Stockholm described 
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a machine using rotating discs to expose films of 
blood to oxygen. In this machine forty or fifty 
discs dip into a trough of blood. When rotated 
they pick up on their surfaces thin films of blood 
and in this way create a large gas-liquid interface, 
the surface area being exposed and continually 
renewed as the discs rotate. The device was a 
great deal more efficient than any previously de- 
scribed and did much to renew interest in this 
type of oxygenator. Cross et al. (1956), have 
described a recent version of this system which 
is proving very successful. 

When the problem was taken up at the Post- 
graduate Medical School of London, in 1949, it 
was decided that the rotating disc-oxygenator 
should be used. Simple enlargement was rejected 
and a novel design adopted. In this machine blood 
passes along a rotating cylinder set at 20 degrees 
to the horizontal. In the cylinder thin stainless 
steel discs are so arranged that they form cres- 
entic protrusions into the lumen of the cylinder. 
As the cylinder rotates these discs pass under the 
blood and then up into the gas mixture where the 
adherent blood films are oxygenated (fig. 2). 





Fig. 2 
Melrose-N.E.P. heart/lung machine with roller pumps 
and autoclavable steel oxygenator. 
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The surface is governed by the rate of rotation 
of the cylinder which is increased as more oxy- 
genating capacity is required. Adequate oxygena- 
tion of over 4 litres/minute of blood flow is 
available at a rotation speed of 80 revolutions/ 
minute. Being made of stainless steel it is sterilized 
by autoclaving after cleaning in a solution of 
sodium hydroxide. 


Vertical screen principle. 

Miller et al. (1951) described an oxygenator 
in which the blood was streamed over a number 
of wire gauze screens. These screens are 
stationary, and as the blood descends over them 
the turbulence of their passage exposes a great 
number of cells to oxygen. In order to make more 
efficient such a system, which has of itself no 
moving parts, the blood is recirculated within its 
own “pulmonary circuit”. 

This method of oxygenation has been bril- 
liantly utilized by workers at the Mayo Clinic. 
Using Gibbon’s machine as a model, they con- 
structed an artificial heart and lung capable of 
circulating and adequately oxygenating over 5 
litres/minute of blood without serious destruction 
of its elements. 

Two disadvantages attend the use of the ver- 
tical screen principle. One is the difficulty involved 
in creating a uniform film of blood over the 
screens, for there is a tendency for rivulets to 
form, which immediately limit the area of blood 
exposed. The screens themselves cannot be 
allowed to dry while filming is in progress, and 
hence the film once established cannot be broken 
without danger of failure to reconstitute it. Thus 
the oxygenator once charged must be kept running 
throughout what may be a long waiting period. 

The second difficulty is because the faster the 
flow over the screens the greater the quantity of 
blood which is held on them. Therefore the blood 
volume of the artificial lung tends to increase with 
the flow rate; in order to control it a flow rate 
through the pulmonary circuit in excess of any 
expected during perfusion must be established 
and maintained. These practical disadvantages 
should be eradicated in the future and new 
materials may help to eliminate them. 

These are but representative examples of the 
many continuing attempts to provide a perfect 
artificial lung and they are in routine clinical use. 
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Each provides a satisfactory solution to most of 
the problems encountered and allows surgeons 
to advance to the much more complex problems 
involved in the treatment of cardiac abnormalities 


THE DYNAMICS OF PERFUSION 


It is perhaps axiomatic that an adequate perfusion 
must provide all the body’s needs. Oxygenated 
blood of normal chemical and cellular content 
must pervade every tissue at an accustomed rate 
of flow and head of pressure. 

At normal body temperature adequate perfusion 
requires that at least 2.4 litres/minute of blood 
for each square metre of surface area be circulated. 
Surface area is usually derived from the Dubois 
nomogram and is perhaps open to criticism in 
this regard, but nevertheless no better standard 
exists. Further, it can be argued that as no detailed 
study of regional flows has been conducted during 
clinical perfusions, no real evidence is available 
to support the figure of 2.4 litres/minute/square 
metre. Experience over a large number of per- 
fusions is our best guide; it supports the adequacy 
of this flow rate. 

There are special circumstances which modify 
the rule. Should the body temperature be reduced, 
then a reduction in flow rate could be effective 
because of the reduction in metabolic demands. 
Such controlled hypothermia is a feature of the 
system used by Sealey and Brown (1958) who 
operate with reduced perfusion rates after lower- 
ing the body temperature by means of an ex- 
change. 

Where a large shunt exists between the arterial 
and pulmonary systems—-and this shunt cannot 
be excluded at operation—then again the modi- 
fication of the rule applies. The greatly increased 
collateral vasculature of the lung fields in severe 
cases of tetralogy of Fallot may allow a consider- 
able proportion of the arterial perfusion to go to 
waste, because it spills into the open heart from 
the pulmonary veins without ever reaching the 
body tissues. 

In such circumstances, what appears to be 
an effective perfusion rate may in fact b 
wholly inadequate, and an increase in arterial flow 
rate equivalent to the shunt is required. This 
may demand more of the heart-lung machine 
than can be safely supplied and it seems likely 
























































PUM 


that 2 
corpor 
priate 
or azy 
tenabl 

The 
larly 1 
is use 
period 
cessive 
encoul 
recove 
failure 
hinder 
seconc 
level ¢ 


Maint 
Mai 
deman 
veins | 
arteria 
of suc 
venou: 
of the 
tissues 
of the 
The 
the pr 
possib 
patien 
periph 
ideal 
brough 
the pa 
connec 
details 
genati 
achiev 
the m: 


There 
of diff 
mainte 
for sui 
diac d 
these 
of nex 
master 
delaye 








Most of 
surgeons 
roblems 
malities, 


erfusion 
genated 
content 
1ed Tate 


rfusion 
E blood 
ulated, 
Dubois 
‘ism in 
andard 
letailed 
during 
railable 
‘square 
of per- 
equacy 


noi 
duced, 
fective 
nands. 
of the 
) who 
lower- 
in ex- 


rterial 
‘annot 
modi- 
eased 
evere 
sider- 
go to 
from 
x the 


o be 
t be 
flow 


This 
hine 
ikely 








that a combination of hypothermia and extra- 
corporeal circulation will be particularly appro- 
priate here. In no circumstances is the low flow 
or azygos flow system (Cohen and Lillehei, 1954) 
tenable in clinical practice. 

The maintenance of full perfusion is particu- 
larly important when elective arrest of the heart 
is used (Melrose et al., 1955). During the initial 
period of restoration of the heart beat an ex- 
cessive coronary flow is usual and is to be 
encouraged for by such means the myocardium 
recovers its normal environment. At this time a 
failure to provide an ample blood flow must 
hinder the proper recovery of the heart and also 
secondarily causes a reduction below the desirable 
level of general perfusion. 


Maintenance of the blood volume. 

Maintenance of an adequate perfusion rate 
demands that the venous return into the great 
veins continues at a rate identical to that of the 
arterial inflow. This is essential, for no amount 
of suction force on these veins will create a 
venous return to the heart-lung machine in excess 
of the available blood flow from the peripheral 
tissues. Excessive suction would lead to collapse 
of the veins. 

The guiding principle should be to maintain 
the pressure in the veins as nearly normal as is 
possible, for by so doing the blood volume of the 
patient will be maintained and no untoward 
peripheral mechanisms brought into action. In the 
ideal condition a heart-lung machine can be 
brought into use without a detectable change in 
the patient’s condition and as smoothly be dis- 
connected from the circulation. Attention to the 
details of cannula size, blood pressure and oxy- 
genation should result in the elected flow being 
achieved and maintained without adjustment of 
the machine over periods in excess of an hour. 


CONCLUSIONS 

There are available several heart-lung machines 
of different design each of which is capable of 
maintaining the circulation and respiration in man 
for sufficient time to allow a variety of intracar- 
diac defects to be repaired. The development of 
these machines proceeds as does the exploration 
of new principles of design. It is clear that a 
mastery of this complex field will not be long 
delayed. 
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CORRESPONDENCE 


THE EVOLUTION OF REFRIGERATION ANAESTHESIA 


Sir,—I thoroughly enjoyed the story of the 
evolution of refrigeration anaesthesia (Brit. 7. 
Anaesth., 31, 134) by M. H. Armstrong Davison 
until he reached the year 1950. 

History is better when it is accurate and com- 
plete. 

Professor I. Boerema of the Netherlands read 
a paper before the Provincial Surgical Club of 
Great Britain, May 1950, describing his researches 
into hypothermia. Actually Bigelow and Boerema 
had independently begun work on hypothermia 
at about the same time. 

Boerema, not Delorme, first suggested and 
experimented with blood cooling, Boerema, how- 


ever, changed to surface cooling, which he felt 
safer. Delorme should be credited with continued 
effort and development of the extra corporeal 
method. 


In the cause of historical justice I am, 


L. H. TAyior 
Covina Medical Center 
Covina, Califorma 
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CONCERNING SOME TECHNICAL POINTS OF CARDIAC SURGERY 
CONDUCTED UNDER TOTAL CARDIOPULMONARY BY-PASS 
BY 


A. L. D’ABREU 
Birmingham United Hospitals 


TuE complete repair of congenital abnormalities 
such as ventricular septal defects, the tetralogy 
and pentalogy of Fallot and the compiex defect 
of canalis atrio-ventricularis communis (ostium 
primum defect of the atrial septum) is only pos- 
sible at present under conditions of total cardio- 
pulmonary by-pass. The ultimate application of 
by-pass procedures to the correction of stenotic 
and regurgitant lesions of the mitral and aortic 
valves may become universal but at the moment 
of writing it is premature to force this issue. 

Many feel that atrial septal defects of the sec- 
undum type can be safely and adequately closed 
by open surgery carried out during circulatory 
arrest with hypothermia; aortic stenosis can be 
relieved under the same conditions but some 
surgeons prefer to use by-pass procedures. Pure 
pulmonary valve stenosis can be corrected during 
circulatory arrest without hypothermia but the 
presence of infundibular stenosis necessitates 
careful excision of muscle which should always 
be done with a cardiopulmonary by-pass. 

It is proposed here to consider the surgical 
aspects of some congenital cardiac defects: those 
discussed are the lesions commonly dealt with in 
most centres. 


Ventricular septal defects. 

Isolated ventricular septal defect is common 
but the prognosis is poor. Many of the infants 
are seriously ill and some authorities (Friedberg, 
1958) state that half of them die in the first year 
of life if the defect is large. The survivors are 
liable to repeated respiratory infections and 
usually fail to grow normally. After the second 
year illness is less common but few live beyond 
the fourth decade. 

All large ventricular septal defects cause pro- 
gressive pulmonary hypertension. The exact cor- 
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relation of clinical signs with the stages of pro- 
gressive changes in the pulmonary vessels in pul- 
monary hypertension associated with ventricular 
septal defects has been beautifully demonstrated 
by Heath and Edwards (1958). 

Pulmonary hypertension can be relieved if 
operation is carried out before irreversible damage 
has been done to the pulmonary arterioles. In 
practice surgery is still possible if evidence can 
be produced that the shunt is still left to right, 
or if bi-directional at times, is principally from the 
left to the right ventricle: once the right ven- 
tricular pressure consistently exceeds that of the 
left, producing cyanosis, the state is inoperable, 
because of the permanence of damage to the small 
pulmonary arterial branches. 

By means of adequate investigation it is pos- 
sible to state clearly the indications and contra- 
indications to the surgical repair of these defects. 
Repair is not required for patients with a normal 
sized heart, a normal e.c.g., and where cardiac 
catheterization has failed to reveal pulmonary 
hypertension or a sufficienctly large shunt; it is 
too late to offer surgery when peristent cyanosis 
has developed and the shunt has reversed into a 
right to left one. Surgery must always be con- 
sidered if repeated episodes of lung infection 
and/or cardiac failure exist in patients with an 
enlarging heart, pulmonary hypertension and with 
evidence of a considerable left to right shunt 
causing pulmonary plethora. The elucidation of 
the facts that provide information enabling the 
cardiologist to opt for or against surgery cannot 
be obtained on clinical examination alone. 


The clinical appearances that demand full investi- 
gation of the heart. 

The growing opinion that many ventricular 

septal defects should be closed in childhood has 
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led to the demand for more and more accurate 
diagnosis in patients with cyanotic heart disease. 
The almost fortuitous discovery of a systolic 
murmur in an apparently healthy child must lead 
to the fullest cardiological assessment; on routine 
clinical examination the future gravity of the 
lesion may be overlooked if it is not realized that 
the shunt may be a large one with a great increase 
in pulmonary circulation. Auscultatory and 
radiological signs may be deceptive; radiological 
studies, especially of the size of the right or left 
ventricle are often incorrect; at operation this is 
often demonstated. Since, however, open repair 
of this lesion has proved dangerous before the 
age of two, every attempt should be made to treat 
infants with respiratory symptoms and early 
cardiac failure by medical means and with a pro- 
longed stay in hospital. 

The surgeon is particularly interested in the 
information provided by cardiac catheterization. 
This investigation provides information on the 
site of the shunt and on the pressure within the 
right ventricle and pulmonary artery. Pulmonary 
hypertension of more than 70 per cent of the 
systemic arterial pressure greatly increases the 
risk of operation. 

Ciné-angiocardiography is of great help, as in 
straightforward ventricular septal defects it pro- 
vides exact information on the size and site of the 
defect and can demonstrate ventricular septal 
defects too small to allow significant left to right 
shunts. This is especially important in the pres- 
ence of pulmonary stenosis where the increase in 
right ventricular pressure prevents a shunt, so 
that this direct radiological evidence enables one 
to diagnose the presence of the ventricular septal 
defect, thus providing an indication for surgery 
with cardiopulmonary by-pass for the correction 
of the pulmonary stenosis. 

E.c.g. evidence is of great value. All patients 
who have a left to right shunt at ventricular level 
show evidence of left ventricular hypertrophy. 
When the right ventricle becomes excessively 
hypertrophied due to high pulmonary artery pres- 
sures, e.c.g. evidence of left ventricular hyper- 
trophy is overshadowed by right ventricular 
complexes. Under these circumstances operation 
carries a very high risk and is unlikely to relieve 
the patient. 
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The tetralogy of Fallot. (Ventricular septal defect 
with obstruction to the flow of blood from 
the right ventricle to the lungs, associated 
with obvious cyanosis.) 

The brilliant work of Blalock, who introduced 
systemic pulmonary artery anastomosis for the 
relief of cyanotic children with obstructions in the 
outflow tract (either infundibular stenosis or pul- 
monary valve stenosis), has not only led to the 
relief of thousands of patients but stirred up 
interest in the whole subject of the tetralogy. 
Brock’s direct attack on infundibular or valvular 
stenosis also played a great part in the story of 
the surgery of this defect. It is obvious today that 
future treatment will require total repair of the 
defect as was first executed by Lillehei. The 
operation is a grave one and still causes a mor- 
tality rate of 16 to 20 per cent even in the hands 
of such masters as Kirklin (1959).* Many of 
these children die before the age of five and 
operation has to be done at an earlier age than 
is ideal: the setting up and performance of the 
by-pass procedure is more difficult in the very 
young because of the small calibre of the blood 
vessels. 

It is found from experience that if these cyanotic 
patients can be kept in hospital the death rate in 
the pre-operative year can be greatly diminished 
by expert nursing, oxygen therapy and the use of 
antibiotics for intercurrent infections. Anasto- 
motic operations of the Blalock or Potts type 
(aortico-pulmonary anastomosis) still have a place 
in certain patients with tricuspid atresia and 
truncus arteriosus when there is undoubted pul- 
monary oligaemia. 


Pre-operative treatment. 

Usually the patient will have been fully investi- 
gated before admission to the surgical ward: since 
the preliminary assessment has inevitably involved 
the procedure of cardiac catheterization and 
usually ciné-angiocardiography, the small wounds 
necessarily made in the arm or groin for these 
examinations must be completely healed before 
by-pass procedures are employed. A reasonably 
long preliminary spell in the ward is valuable; the 
patient, usually a child, will require to become 





*In the paper discussing these results, Kirklin was 
able to report that in his last ten patients there had 
been no death. 
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fully acquainted with the nurses who will care 
for him postoperatively, to learn simple exercises 
under the instruction of the physiotherapist and 
to be taught to lose all fear of oxygen masks and 
oxygen tents. The normal pre-operative examina- 
tions are made; a radiography taken on the pre- 
operative day is essential as unexpected lung 
infections are occasionally demonstrated. Children 
with the tetralogy of Fallot have a tendency to 
develop pulmonary tuberculosis and are notorious 
for the high incidence of dental caries and in- 
fections, and these conditions must be looked for 
particularly. 


Blood preparation. 

Before operation blood is collected for use in the 
extracorporeal circulation and also for replacement 
of blood loss before and after the by-pass pro- 
cedure. The blood for charging the extracorporeal 
circulation and sufficient to make up any loss that 
may occur during the cardiotomy (8-10) bottles is 
collected into heparin. The volume of anticoagu- 
lant should be kept to a minimum so that the 
blood is not unduly diluted. In this centre each 
bottle contains 18 mg of heparin in 25 ml of 
isotonic dextrose and is filled to 500 ml with 
blood. Great care is taken during collection to 
ensure that the heparin is well mixed with the 
blood. In some centres siliconed bottles are used. 
The heparinized blood must be taken less than 
24 hours before the operation, preferably on the 
same day. 

In addition, four bottles of citrated blood are 
cross-matched. 


The operative procedure. 

Premedication and the choice of anaesthetic 
agent are considered elsewhere (Moffitt and 
Theye, 1959); although inevitably details vary in 
different hospitals, the universal acceptance of 
the need for the lightest plane of anaesthesia has 
greatly lowered the risk of cardiac surgery, the 
anaesthetist in my own department is in charge 
not only of anaesthesia but of the administration 
of most drugs and infusions given parenterally, 
apart from those delivered by the pump-oxygen- 
ator; for example he makes up the deficit of blood 
lost in the phase before the extracorporeal circu- 
lation is established, working in the closest collab- 
oration with the nurse responsible for measuring 
blood loss (see later): he is responsible for the 
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intravenous administration of heparin to the 
patient at the appropriate stage and its correction 
later by the use of protamine sulphate. He con- 
stantly checks the reading of the oesophageal 
temperature. 


Weighing the patient. 

As a check on the pre- and postoperative blood 
volume of the patient, weighing is a most import- 
ant aid. As soon as the patient has been anaes- 
thetized and is ready to be placed in the correct 
operative position he is weighed to within 5 gm 
(10 gm in adults). 


Monitoring. 

Throughout the operation continuous records 
are made of the arterial and inferior vena caval 
pressures, the e.c.g. and the e.e.g. (see page 387 of 
this symposium). The oesophageal thermistor is 
put in place so that the patient’s temperature 
can be constantly observed. The e.e.g. provides 
information of the depth of anaesthesia and has 
proved useful to the anaesthetist in maintaining 
a very constant light plane of anaesthesia. During 
cardiopulmonary by-pass it provides information 
on the adequacy of the cerebral circulation. 


The positioning of the patient. 

With the table at the correct height the patient 
is placed in the supine position, sometimes lying 
on a “hypothermia” blanket made of plastic 
material through which warm water can be cir- 
culated if the temperature shows a tendency to 
drop (see also page 415 of this symposium); such a 
blanket may be omitted; if it is used the greatest 
care must be taken to place appropriate padding 
over the usual pressure points where burning can 
take place, especially if the circulating water is 
hot during periods of hypotension. Before any 
towels are put in place, e.e.g. and e.c.g. leads 
are put firmly in position. In this department 
the pump-oxygenator is placed to the right of 
the table, and the manometer heads, which will 
subsequently be connected to the fine nylon 
catheter in the aorta and inferior vena cava, are 
fastened to the table near the right foot of the 
patient. An intravenous drip is set up. The patient 
is covered with towels after skin preparation so 
that small areas of both upper thighs and the 
anterior chest wall are exposed. 
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Exposure of the vessels in the thigh. 

One common femoral artery is exposed through 
an incision overlying it which extends from just 
above the inguinal ligament down to the level half 
an inch below the origin of the profundis femoris. 
The neighbouring internal saphenous vein is used 
to provide a route for a fine nylon cannula which 
is placed in the inferior vena cava for a pressure 
manometer. If a femoral artery is used as a route 
for placing a catheter in the aorta for arterial 
pressure, the opposite superficial femoral artery is 
exposed and cannulated. Many surgeons prefer 
to use an internal mammary artery for this 


purpose. 
The thoracic exposure. 


Excellent access is obtained by a median 
sternotomy incision: a vertical incision is made 
from just below the suprasternal notch well down 
on the abdomen to reach halfway between the 
xiphisternum and the umbilicus. To avoid excess 
bleeding after the subsequent injection of heparin 
the most elaborate haemostasis is essential: the 
incision made in the skin with the scalpel is only 
deep enough to divide the true skin, the re- 
mainder of the incision being made by the 
diathermy knife down to the periosteum of the 
sternum: the upper border of the sternum is 
cleared of adventitious tissue down to the supra- 
sternal ligament: usually a vein crosses this and 
requires division and ligation: at the lower end 
of the sternum the xiphisternum is exposed, and 
lifted upwards by a tissue forceps. By blunt dis- 
section the loose areolar tissue behind the sternum 
is cleared as far upwards as possible: this process 
being completed from above so that a free tunnel 
exists with each pleural sac displaced laterally. 
The sternum is then divided either by a Gigli 
saw or a Lebsch’s chisel. The two halves of the 
divided sternum are separated by manual traction 
exerted through two double-hook retractors. 
Horsley’s bone wax is rubbed firmly into the cut 
section of the bone to stop oozing. With gauze 
swabs placed on each side of the incision the 
sternal fragments are widely retracted by a power- 
ful rib spreader (Price-Thomas, Tuffier or 
Finochietto type). If the internal mammary 
vessels are damaged or look likely to be torn, they 
are divided and ligated. Usually the pleural 
spaces remain intact: should one or other be 
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damaged, the appropriate pleural cavity will sub. 
sequently require water-sealed drainage at the 
close of the operation. 


The exposure and opening of the pericardial sac. 


The sterno-pericardial ligaments are divided 
with diathermy, any small vessels in these or jn 
the fibro-fatty tissue overlying the pericardium 
being coagulated with great care: the parietal 
pericardium is »pened by an incision in its mid- 
line; this opening is carried down caudally as far 
as the diaphragm. At the cephalic end the incision 
is converted into a “Y” shape, each limb of the 
“Y” skirting the lower poles of the thymus gland: 
this manoeuvre avoids the need to enter the 
slightly vascular area of thymic tissue and gives 
excellent access. Several sutures are passed 
through each side of the pericardial sac so that 
traction can be applied to them. When the heart 
exposure has been completed the previously 
placed retractor is further opened. 


The systematic examination of the heart. 


Although modern preoperative investigations 
enable a high degree of exact diagnosis to be 
made, certain important lesions may have been 
missed: before any procedure is started on the 
heart the operator carries out a systematic visual 
and manual examination. This is best done by 
answering a routine list of questions read out by 
the cardiologist who notes down the replies; the 
questionnaire covers the circulatory route; the 
size, the quality of the tissue (atrophy or hyper- 
trophy); the presence of thrills, etc., of the fol- 
lowing structures is noted in this order; the caval 
vessels, the right atrium, the right ventricle 
including its inflow and outflow tract, the pul- 
monary artery, the ligamentum arteriosum or the 
ductus (if persistent), the left atrium, the pul- 
monary vein (both sides), the left ventricle and 
the aorta. Invariably the operator must answer 
the questions: “Is there a ductus arteriosus?” 
If this is overlooked severe bleeding may be en- 
countered after the heart has been opened. “Is 
there a left superior vena cava?” This if present 
will open into the coronary sinus and be a serious 
source of bleeding once the cardiotomy has been 
started. “Is there any other venous anomaly, eg. 
an inferior vena cava opening into the left 
atrium?” If these anomalies exist they require 
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separate correction before or during the cardio- 
omy. 
Preparation of the heart for the establishment of 
cardiopulmonary by-pass. 
The superior and inferior venae cavae are 
encircled by thin rubber tubes: these are threaded 
through a large size rubber tube to act as snares, so 
that subsequently these vessels can be closed 
ound the cannula to stop the flow of venous blood 
the right atrium. The aorta is dissected suf- 
fciently freely from the pulmonary artery to 
enable a clamp to be placed across it later; this 
sep is necessary whether cardiac arrest by potas- 
jum citrate or other agents is to be used or not: 
ff arrest (which is almost routinely used) is not 
employed the aorta may require periodic clamp- 
ing to stop the coronary flow during the cardio- 
tomy; without arrest, periodic release of the clamp 
is necessary to allow an intermittent adequate 
coronary artery flow. 
Finally a drainage tube is placed at the bottom 
of the pericardial sac: this is connected to separate 
motor suction apparatus so that the minute by 
minute loss of blood from this source can be 
easily measured and rapidly replaced together with 
that estimated by swab weighing. The head of 
the drainage tube is protected by a perforated 
metal end to avoid soft tissue being sucked into 
it 


Setting-up the artificial circulation. 

(a) Arterial cannulation. Before cannulae 
are placed in the arterial and venous channels the 
patient is heparinized—3 mg of heparin per 
kilogram is injected into the intravenous drip 
leading to the arm vein by the anaesthetist: the 
femoral artery—previously prepared—is encircled 
by a heavy ligature and bull-dog arterial clips 
placed above and below the proposed site of can- 
nulation: an incision is made in the femoral arterv 
and a bevelled nylon cannula introduced. When 
it is firmly in place the upper bull-dog clamp is 
removed. The cannula is firmly held in place in 
the artery by a noose of thick silk which encircles 
the vessel and its contained cannula. The end of 
the silk noose is threaded through a rubber tube 
and held firmly by the application of an artery 
forceps to it against the end of the rubber tubing. 
(The cannulae vary according to the size of the 
patient and many surgeons use metal ones; we 
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have used sizes varying from 2.5 mm to 6 mm in 
diameter.) 

(b) Venous cannulation. A Brock’s mitral clamp 
is placed on the right atrial appendage: a purse 
string suture is placed around the grasped atrial 
tissue which is then incised: a finger (usually the 
little one) explores the atrium, after the clamp 
has been removed temporarily to exclude or 
confirm the presence of an atrial septal defect. 
The clamp is then re-applied; two venous plastic 
cannulae are then selected: their diameter varied 
from four to nine mm according to the size of 
the patient: the lips of the atrial incision are held 
apart by fine silk sutures; when these are held 
up vertically a tunnel is formed into which the 
two cannulae held together are “dropped”. The 
clamp is then removed and the two tubes intro- 
duced into the atrium. The tunnel is then con- 
verted into a double-barrelled tube by applying 
an artery forceps to both lips of the atrial incision 
between the cannulae. Throughout this man- 
oeuvre the cannulae are held vertically upright— 
they are easily manoeuvrable by means of a mal- 
leable metal stilette. One cannula is guided into 
the inferior vena cava for a distance of three to 
four inches and then withdrawn so that about one 
inch remains inside: this is usually just at the 
edge of the diaphragm as it surrounds the vessel. 
The superior vena cava is cannulated and the tip 
palpated to make sure it is not beyond the 
entrance of the brachio-cephalic vein: the purse 
string suture in the atrial wail is then tightened 
to keep the cannulae firmly in place and to stop 
the escape of atrial blood. The correct placement 
of these cannulae is obviously of the greatest im- 
portance to enable the total venous return from 
the caval vessels to reach the pump by gravity 
drainage. 

Throughout the operation except during the 
period of total cardiopulmonary by-pass the 
anaesthetist replaces blood loss, keeping a few 
c.c. ahead of the amount charted by the nurse 
carrying out swab weighing. 


Institution of cardiopulmonary by-pass. 

The arterial and venous hoses of the machine, 
which is set up and checked before operation, are 
brought on to the operating table and connected 
to their appropriate cannulae. All air must be 
excluded from the arterial line when this con- 
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nection is made but very small quantities of air 
in the venous line are not important. The lie of 
the venous cannula is carefully checked and the 
hoses are fastened to the towels so that they will 
not be kinked or moved. 

When the surgeon is satisfied that the machine 
is properly connected to the cannulae and per- 
fectly positioned it is turned on. The patient is 
then on partial cardiopulmonary by-pass and the 
combination of the action of the heart and the 
pump appears on the arterial trace. The venous 
return into the machine is checked. If this is 
satisfactory the caval snares are tightened so that 
the total venous return is diverted through the 
machine and total cardiopulmonary by-pass 
established. The mean arterial and venous 
pressures should remain normal and the e.e.g. 
should show evidence of adequate cerebral cir- 
culation (grades 1 or 2; see page 387 of this 
symposium). In the first two minutes there is 
usually a drop in the arterial pressure and a 
change in the e.e.g. This usually corrects itself 
quickly. It has been found that if the arterial 
and venous pressures are kept within normal 
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limits then the patient’s blood volume remaip; 
at its pre-operative level. It is very easy to pro. 
duce a negative venous pressure and this shoul 
be corrected by the appropriate means, varying 
with the machine used. Figure 1 shows the 
changes at the onset of cardiac by-pass in a boy of 
eleven; it will be seen that at 50 seconds the eeg 
showed a high amplitude and low frequency 
despite the slow rise in arterial pressure. After 
a further minute the e.e.g. had returned to norm 
levels. When total cardiopulmonary by-pass runs 
smoothly the heart can be arrested if desired o 
opened if the operation is to be done withoy 
arrest. 


Induction of cardiac asystole. 

Most surgeons employ the method of Melrog 
(1955) and it is a routine in this clinic. The 
method of Kirklin as used at the Mayo Clinic is 
admirable (Harshbarcer et al., 1958). Eight 
c.c. of 25 per cent solution of potassium citrate 
are mixed with 80 c.c. of heparinized oxygenated 
blood taken from the tubing of the arterial sid 
of the machine: this is assembled in a two-way 
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syringe system, in which small rubber tubing 
joins the syringe to the needle to provide some 
elasticity, thus minimising the risk of an aortic 
tear during the injection of fluid. With the aortic 
cross clamp in place but open, the needle is in- 
serted between the clamp and the heart and the 
solution rapidly and smoothly injected, the clamp 
being closed after the injection starts. The in- 
jection is stopped immediately after the heart 
becomes flaccid and motionless. The hole in the 
aortic wall is closed with a fine suture on an eye- 
less needle. 

At the close of the intracardiac procedure the 
potassium citrate solution is washed out of the 
heart by releasing the aortic clamp: the perfusion 
of the coronary arterial system does this rapidly 
and effectively: the blood flowing into the heart 
immediately after the aorta has been re-opened 
is sucked away to prevent the retention of 
potassium citrate solution in the circulation. At 
this stage ventricular fibrillation may follow: this 
invariably responds to electrical defibrillation; 
manual massage may be required. 


The cardiotomy. 

(1) Right ventricular approach. Unless there is 
a complex defect such as a canalis atrio-ventricu- 
laris communis or a pentalogy of Fallot, the 
approach to the correction of a ventricular septal 
defect, or the total repair of a tetralogy of Fallot or 
the radical excision of pure infundibular stenosis, 
will be through the right ventricle. The incision 
starts in the outflow tract just below the pul- 
monary valve ring, and is carried down for about 
1} to 2} inches, depending on the size of the 
heart in the bare area of the right ventricle. 
Only a small opening is made at first so that a 
cardiac sucker can be introduced and the heart 
emptied. The incision is then completed. Con- 
tinued intracardiac suction is necessary—despite 
clamping the aorta—because the bronchial cir- 
culation reaches the heart through the pulmonary 
veins. This flow varies and may be considerable 
in patients with cyanotic heart disease; it also 
seems to be greater in those with severe pulmon- 
ary hypertension. 

The technical details of the intracardiac repair 
of the different lesions will naturally depend on 
the situation present; certain principles are com- 
mon to all repairs. The surgeon must always 
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ensure that any obstruction to the outflow of 
blood from the right ventricle is corrected as 
thoroughly as possible. Such measures include 
the deliberate incision of stenosed pulmonary 
valves, wide excision of hypertrophied muscle 
masses in the outflow tract of the right ventricle, 
and often removal of large portions of the crista 
supraventricularis: if the obstruction is due to an 
infundibular stenosis (which in the type of case 
under discussion is far commoner than pulmonary 
stenosis) the excision of obstructing tissue must 
be thorough. If the obstruction of blood flow is 
accompanied by a ventricular septal defect, the 
closure of the latter, unless associated with 
adequate opening up of the outflow tract, may 
place such a burden on the right ventricle that 
failure of its muscle can well occur in the imme- 
diate postoperative period. 

Before any attempt is made to close a ventri- 
cular septal defect a full assessement of the site 
and size of the opening must be made; the defect 
may be in one of four sites (Kirklin, 1957). 

(a) High up, just below the opening of the pul- 
monary artery. 

(b) In the outflow tract of the right ventricle 
below the crista supra-ventricularis. 

(c) In the inflow tract of the right ventricle 
beneath the septal leaflet of the tricuspid valve. 

(d) In the muscular part of the septum near the 
apex. 

The large group of ventricular septal defects 
consists of types a and b, the commoner being 
type b. 

Firm repair of a defect sited entirely in the 
membraneous part of the septum is more likely 
than those with muscular edges; most defects are 
repaired by direct suture: large defects may, 
however, require closure by the use of an Ivalon 
sponge patch. During the repair of the defect its 
edges are defined by the judicious use of the car- 
diotomy sucker and suitable retraction of the 
papillary muscle and the chordae tendinae which 
often cross the defect. At the top edge of high 
defects the position of the cusps of the aortic 
valve must be constantly seen, as it is easy to 
damage one of them by the needle point as this 
is sunk into the dense tissues of the aortic root. 

The position of conduction tissue (the bundle 
of His) is usually in the posterior-inferior area in 
the common type of defect, that is the one in the 























































408 


outflow tract below the crista supra-ventricularis : 
the bundle is particularly liable to damage when 
there is no remnant of membraneous septal tissue 
in this region; the production of heart block is 
a serious occurrence and is still a not uncommon 
sequel to the closure of certain ventricular septal 
defects. 

If muscle has to be excised from the right ven- 
tricle, this is done before the septal defect is 
repaired. It is important not to close the defect 
(and thus the left ventricle) before cardiac action 
has been restored; otherwise the left ventricle 
may become stretched by the return through the 
pulmonary vein (if this does not succeed in find- 
ing its way back round the pulmonary circulation 
into the pulmonary artery and thus into the open 
right ventricle). If the pressure in the left atrium 
becomes too high it may cause small haemorr- 
hages in the lungs which greatly embarrass res- 
piration. Infection readily follows. If the left 
ventricle is overstretched it may take a consider- 
able time to recover its full power of contraction. 

In order to avoid this complication the posterior 
half of the defect is closed and the sutures in 
the anterior part are placed but left untied. The 
aortic clamp is removed thus allowing coronary 
perfusion and washing out the potassium. The 
heart usually starts beating very quickly. Occa- 
sionally ventricular fibrillation occurs which is 
corrected with the defibrillator. The action of 
the left ventricle can be seen by the force of 
the jet of blood which comes through the 
partly closed defect, and once this appears to be 
forceful the sutures are pulled tight and the 
arterial trace observed for signs of left ventricular 
ejection, which should occur after a very few con- 
tractions. If they are not observed immediately 
the defect is opened again and this manoeuvre is 
repeated after a short rest. Once left ventricular 
ejection into the aorta has been observed the 
defect is completely closed and the incision in the 
right ventricle is closed with interrupted 000 silk 
sutures. During this phase there is a considerable 
flow of blood into the right ventricle from the 
coronary circulation because of vasodilatation due 
to the accumulation of metabolites during arrest. 
If the perfusion pressure falls at this time the 
pump output may need to be increased. 

(2) Atrial and atrio-ventricular approach. It is 
probably still considerably safer to repair the true 
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atrial septal defects (ostium secundum) by aty. 


otomy under hypothermic conditions than by the f 


use of cardiac by-pass with a pump-oxygenator. 
Pulmonary valve stenosis associated with a se. 
undum type of atrial septal defect is also beg 
treated under hypothermia; the pulmonary valye 
is first dealt with after occlusion of the venoys 
return to the right atrius through an incision jp 
the pulmonary artery. When this has been effected 
the normal heart circulation is restored, and after 
a pause of ten minutes, the inflow and outflow of 
cardiac blood are again temporarily occluded 
before the right atrium is opened to permit 
deliberate suture of the atrial septal defect. 

If, however, a low atrial septal defect of th 
ostium primum type exists, or there is an atrial 
septal defect associated with a ventricular septal 
defect and obstruction to the outflow of blood 
from the right ventricle to the lungs (the pent. 
logy of Fallot), right atriotomy combined with 
right ventriculotomy can only be done unde 
conditions of total cardiopulmonary by-pass. 

It the pre-operative investigations have sug- 
gested the possibility of an atrial septal defect 
being present in addition to a ventricular septal 
defect, with or without obstruction in the pul 
monary outflow tract of the right ventricle, a 
exploration of the right atrium by means of 
a finger (usually the little one) is carried out before 
the atrial cannulae are introduced. Should the 
presence of a sizable atrial defect be detected, the 
extracorporeal circulation is instituted and the 
necessary intracardiac work needed is done within 
the right ventricle. This ventriculotomy incision 
is almost completely closed before the right atrium 
is opened widely by a long incision in its later 
wall, through which the atrial septal defect is 
repaired by interrupted silk sutures. 

In the case of the very complex defect of the 
canalis atrio-ventricularis communis, repair is 
carried out through the right atrium. There és 
usually a cleft in the mitral valve cusp which is 
repaired by suture before the defect leading tos 
communication—usually between both atria and 
ventricles—is closed: this closure, an extremely 
difficult one, usually calls for the use of an Ivalon 
patch. 

When the repair of the right ventricle is com 
pleted the snares on the vena cava are opened 
so that some of the venous return enters the heatt, 
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and the venous cannulae are withdrawn into the 
right atrium so that there cannot be any caval 
obstruction. The pump is then slowly turned down 
so that the heart takes a gradually increasing pro- 
portion of the circulation. Usually the blood 
pressure is normal at this stage and if the action 
of the heart appears satisfactory the pump is 
turned off. 


Heart block. 

Complete heart block occurs frequently during 
recovery from potassium arrest. The idio-ventri- 
cular rhythm usually provides adequate circula- 
tion. When the rate is very slow it can be increased 
using the artificial cardiac pacemaker, the elec- 
trodes being applied to the surface of the ven- 
tricles. If heart block persists for more than ten 
or fifteen minutes it is likely either to be perma- 
nent, or at least to continue for some time. Under 
these circumstances it is advisable to insert a 
cardiac electrode for attachment to the pacemaker 
after the operation. We find braided stainless 
steel wire inserted in a very fine nylon tube satis- 
factory for this purpose. The wire is inserted into 
the anterior surface of the right ventricle so that 
half an inch is buried in the muscle and no bare 
wire is exposed. It is held in place with a fine 
silk stitch and the wire is then passed out through 
the pericardium and taken out through a small 
stab incision in the epigastrium. A second wire 
electrode is inserted in the skin lateral to the apex 
of the heart. These two electrodes are then 
connected to the pacemaker so that its action can 
be observed before the chest is closed. It is usually 
found that a rate of about a hundred produces the 
most adequate circulation. 


Neutralization of heparin. 

When the pump-oxygenator is no longer needed 
5 mg of protamine per kg of body weight are 
injected over a period of 5 minutes. The cannula 
is then removed from the femoral artery which is 
repaired with 00000 silk. 


Closure of the median sternotomy incision. 

A careful examination of all bleeding is made; 
particular attention being paid to the cardiotomy 
incision, the edges of the pericardial incision, the 
loose tissue in the areas of the thymus and at the 
toot of the neck in the jugular notch area. 
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The pericardium is left widely open and pro- 
vision for adequate drainage made: usually three 
subcostal catheters are used to the pericardial 
area to avoid any risk of cardiac tamponade and 
to allow an exact estimate to be made postoper- 
atively to blood loss: these catheters are con- 
nected to graduated water-seal bottles. 

The two portions of the sternum are brought 
together by means of strong thread: the closure 
is completed by interrupted silk sutures placed 
through the periosteum and the pectoral muscles 
on each side followed by skin closure. 


Immediate postoperative treatment. 

Recovery of consciousness is almost invariably 
prompt. The patient is then weighed and the 
swab counting and total blood loss carefully re- 
checked, any deficit being made good by the trans- 
fusion of whole blood. The patient must be treated 
in a postoperative recovery unit staffed night and 
day by experienced medical and nursing staff. 

However satisfactory the status of the patient 
has been during perfusion and open cardiotomy, 
serious complications may follow the most un- 
eventful of operations. Complications can follow 
any surgical operation, but in addition those 
peculiar to thoracic and cardiac operations may 
supervene. They may be listed as: 


1. Haemorrhage. 

2. Interference with adequate pulmonary venti- 
lation. 

3. Cardiac tamponade. 

4. Cardiac failure due to overloading of the cir- 
culation and to metabolic and electrolyte 
disturbance. 

5. Infection. 

6. Neurological (due to anoxia or partly the 
result of the antifoam detergent used in the 
pump oxygenator). 

The postoperative recovery room unit must be 
fully equipped so that all types of oxygen adminis- 
tration are possible; close at hand must be ap- 
paratus ready and sterilized so that bronchoscopy, 
tracheotomy and emergency thoracotomy could be 
carried out at a moment’s notice. 

A balance chart is kept both of blood loss and 
replacement and of the patient’s ordinary fluid 
intake and output. We have found it necessary to 
replace blood loss with an equivalent volume of 
whole blood. The volume of citrate in bank blood 
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must be accounted for during replacement and 
this must be added to the patient’s ordinary fluid 
intake on the chart. 

Most of our patients have not complained of 
pain from the incisions but they are often restless; 
it is advisable to sedate small children sufficiently 
to stop them continuously wriggling. This enables 
them to sleep a little between their half-hourly 
turning and coughing and the disturbance caused 
by quarter-hourly measurement of blood pressure, 
pulse and respiration. 

If heart block is present and is being treated 
with the pacemaker it is advisable to record the 
e.c.g. continuously for the first few days. Any 
temporary changes in rhythm can then be ob- 
served. Usually the recurrence of sinus rhythm is 
heralded by the appearance of QRS complexes 
between the pacemaker beats. If these are seen 
the voltage of the pacemaker can be gradually 
turned down so that it is no longer effective and 
the rhythm observed. If the heart rate is inade- 
quate the pacemaker is gradually turned on again 
until it controls the heart’s action. This man- 
oeuvre is preferable to suddenly switching the 
instrument off or on, which has been known to 
precipitate ventricular fibrillation. The electrode 
becomes a little loose in the heart muscle after 
about ten days and if it is no longer needed it can 
then be pulled out. 

Isoprenaline is said to be useful in increasing 
the idio-ventricular rhythm. 

Patients who have had very high right ventri- 
cular pressures are liable to develop cardiac failure 
insidiously during their first week after operation 
while appearing to be doing well on casual in- 
spection, so a careful watch must be kept for this 
complication. 

Haemorrhage is not a common complication: 
if obviously occurring through the intercostal 
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drainage tube its management is clearly along th 
lines of any thoracic emergency of this type: 
bleeding, however, may be occult, cay 
cardiac tamponade with the features of pall, 
poor pulse and hypotension; if suspected th 
sternotomy wound should be re-opened, the cy 
removed and all bleeding points secured. 
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MANAGEMENT OF ANAESTHESIA, PERFUSION AND SUPPORTIVE CARE 
DURING OPEN INTRACARDIAC OPERATIONS AND EXTRACORPOREAL 
CIRCULATION 


BY 


EMERSON A. MOFFITT AND RICHARD A. THEYE 
Section of Anesthesiology, Mayo Clinic and Mayo Foundation,* Rochester, Minnesota 


Tue well-being of the patient undergoing extra- 
corporeal circulation can best be guarded by an 
anaesthetist who has thorough knowledge of ail 
facets of the problem. Intimate understanding of 
the pathophysiology present in the patient, and 
also that produced by whole-body perfusion, is 
essential. 
ANAESTHESIA 


In selecting an anaesthetic agent the goal must be 
to provide anaesthesia with the least derangement 
of the normal physiological processes. This is 
attained by utilizing the lightest levels of anaes- 
thesia consonant with the surgical procedure. 
Since intracardiac surgical procedures do not re- 
quire deep anaesthesia, amnesic and analgesic 
levels of anaesthesia that interfere least with the 
normal compensatory mechanisms of the patient 
may be employed. Strict observance of the 
principles of good anaesthesia is much more im- 
portant than the selection of agent or technique. 
It is advantageous to eliminate spontaneous respir- 
ation by manual hyperventilation, by intravenous 
use of relaxants, or by both means, rather than by 
deep anaesthesia, since the latter would result in a 
greater depression of the myocardium and medul- 
lary vasomotor centre. 

Previous experience should dictate the choice 
and dosage of premedicant drugs. The advantage 
of heavy premedication is reduction of the meta- 
bolic rate, whereas light premedication preserves 
homeostatic mechanisms to a greater extent. We 
take the intermediate position, that of moderate 
premedication. Pentobarbitone sodium, 1 or 2 mg 
per pound of body weight, is given orally or 
rectally respectively 2 hours pre-operatively. 
Morphine sulphate, 1 mg per 10 pounds, is given 
intramuscularly 1 hour before operation. Bella- 
donna drugs are not given. This omission has not 
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resulted in an increase of endotracheal secretion 
or vagal reflexes. 

There is ample evidence that a variety of anaes- 
thetic agents and techniques have proved to be 
satisfactory (Gain, 1957; Matthews et al., 1957; 
Mendelsohn et al., 1957; Patrick et al., 1957; 
Bourgeois-Gavardin et al., 1958; Keats et al., 
1958; Norlander et al., 1958; Musicant et al., 
1959). As a general principle, first choice must be 
the agent and technique with which the individual 
anaesthetist is most familiar. Myocardial depres- 
sion and dilatation of the peripheral vascular bed 
are pharmacological properties common to all 
anaesthetic agents. The degree of these effects is 
proportional to the depth of anaesthesia. While it 
is of considerable importance that the level of 
anaesthesia be kept as light as possible, it is prob- 
ably of no importance which agent is used. 

In all our patients anaesthesia is maintained with 
nitrous oxide and oxygen (in the proportion of 
3:2 litres per minute) in a circle, carbon-dioxide- 
absorption system. Previously, ethyl ether and 
oxygen were used in a closed-circle system. The 
change to nitrous oxide and oxygen in a semiclosed 
system was necessitated by the surgeons’ desire to 
use diathermy. Seriously ill infants are intubated 
awake after breathing oxygen. Anaesthesia in 
children is induced with cyclopropane, and endo- 
tracheal intubation is performed after intra- 
muscular injection of suxamethonium chloride, 2 
mg per pound. In adults anaesthesia is induced 
with intravenously administered thiopentone 
sodium (200 to 300 mg) while oxygen is being 
breathed, and endotracheal intubation is per- 
formed after intravenous injection of suxame- 
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412 


thonium chloride. Two intravenous routes for the 
administration of blood or drugs are established 
percutaneously (or by cutting down on veins) in all 
patients. Intermittent intravenous injections of 
suxamethonium chloride (2 per cent) are given to 
those patients in whom control of respiration is 
difficult. Tubocurarine chloride has been used 
satisfactorily as a substitute for suxamethonium 
chloride, Small amounts of pethidine are given 
intravenously when it appears that the state of 
analgesia is insufficient. 

During total cardiopulmonary bypass, volatile 
anaesthetic agents can be added to the oxygenator 
(Mendelsohn et al., 1957; Patrick et al., 1957) or 
intravenous agents can be given to the patient, or 
both procedures can be used. Presently, small 
amounts of thiopentone sodium and suxametho- 
nium chloride are given to the patient as needed. 
Spontaneous respiration is also influenced by the 
arterial partial pressure of carbon dioxide, which 
largely depends on the total flow of gases, and the 
fractional concentration of carbon dioxide in 
the gases, which pass through the oxygenator. In 
our system, ventilation of the oxygenator is 
arranged to result in an arterial partial pressure 
of carbon dioxide of approximately 30 mm of 
mercury. 

Management of the lungs during perfusion is a 
controversial question. In our practice, during 
this period the lungs are not ventilated but are 
left slightly inflated with equal parts of helium and 
oxygen. Some prefer to ventilate the lungs 
(Bourgeois-Gavardin et al., 1958) while others 
leave them collapsed and unventilated (Keats et 
al., 1958). 


SUPPORTIVE CARE PRIOR TO AND FOLLOWING 
PERFUSION 
Supportive care is based on maintenance of 
adequate systemic blood flow. Prior to and follow- 
ing perfusion the effective cardiac output deter- 
mines systemic flow. The diminished cardiac 
reserve of these patients results in less tolerance 
than usual of physiologic trespass. Consequently, 
the margin for error is narrowed. Possible causes 
of reduced effective cardiac output in these 
patients may be hypovolaemia of unreplaced blood 
loss, myocardial and medullary vasomotor depres- 
sion from deep anaesthesia, mechanical interfer- 
ence with filling or ejection caused by inflow or 
outflow obstruction of the heart, and inability of 
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the heart to compensate for shunts or valvuly 
stenosis or incompetence. 

Diagnosis of reduced effective cardiac output is 
indirect and is based upon the changes in haemo. 
dynamics that result from a reduction in systemic 
flow. When a group begins work in extraggy. 
poreal circulation, a large number of physiologicy 
variables should probably be monitored, in orde 
to gain adequate information as to what is happen. 
ing in the patient. As experience increases, moni- 
toring devices can be gradually eliminated 
At the Mayo Clinic, arterial pressure, periphend 
pulse and venous pressure are at present mozi- 
tored and blood volume is estimated. 

Arterial blood pressure can be determine 
directly via an indwelling catheter or indirectly by 
cuff. In all but very small infants a snugly fitting 
cuff provides a satisfactory means of detecting 
blood pressure. Frequent determinations of th 
blood pressure by this indirect method and con 
tinuous palpation of the peripheral pulse (super- 
ficial temporal) have proved to represent a more 
satisfactory approach to assessment of the effective 
cardiac output than continuous observation of the 
blood pressure by a direct method. Venous pres- 
sure is determined directly by means of a plastic 
cannula in a peripheral vein of the superior vem 
caval drainage system. Changes in venous pressure 
are informative, while the absolute value may & 
misleading because of deficiencies in recording 
technique. Relative blood volume is followed by 
tallying total blood loss and total blood replace- 
ment on a balance sheet (Patrick et al., 1957). 
Direct observation of the heart has superseded 
monitoring of an electrocardiogram as a meats 
of detecting the presence of cardiac arrhythmias. 

A systolic blood pressure of less than 70 to 
80 mm of mercury or an undetectable peripheral 
pulse, or both, indicate that the effective cardiac 
output is inadequate. If hypovolaemia is the cause, 
arterial and venous pressures are decreased, pulse 
rate is increased and the blood volume balance 
shows unreplaced loss. The treatment is trans 
fusion of whole blood. Heparinized blood is 
given from the machine while the arterial cannula 
is in place, and citrated blood is given at all other 
times. When deep anaesthesia has reduced the 
effective cardiac output, arterial pressure is de- 
creased, venous pressure and heart rate at 
increased and the blood volume balance 1s evel. 
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The treatment is ventilation with oxygen. 
Mechanical obstruction of blood flow into and out 
of the heart, based upon heart displacement; a 
cannula in a vena cava or a finger in a valvular 
orifice, may result in arterial hypotension. The 
treatment is removal of the obstruction, thereby 
allowing the heart to increase its effective output. 
It these diagnoses and therapeutic measures prove 
to be inadequate, heart failure must be suspected. 
This diagnosis is confirmed by the presence of 
decreased arterial pressure, increased venous 
pressure and a dilated ineffectual heart. Those 
patients not previously digitalized are rapidly 
digitalized. Digoxin, or lanatoside C, 1 mg per 
square meter of surface area, is given intra- 
venously. Two thirds of the dose is given initially, 
and the remainder 20 minutes later. 

Cardiac arrhythmias are diagnosed by direct 
observation of the heart and by palpation of the 
peripheral pulse. They are usually innocuous and 
disappear spontaneously. Occasionally a_persis- 
tent arrhythmia that results in a reduction in 
effective cardiac output requires treatment. Sinus 
tachycardia, auricular fibrillation and auricular 
flutter are treated by rapid digitalization. Sinus 
bradycardia is reversed by small doses of atropine 
sulfate given intravenously. Ventricular tachy- 
cardia and ventricular fibrillation are treated by 
cardiac massage and electric shock. In atrioven- 
tricular dissociation a lead is always sewed to the 
right ventricular wall. Slow ventricular rates are 
increased by means of an external, portable 
pacemaker connected to this lead. This arrhyth- 
mia can be managed, although less conveniently, 
with drugs such as isopropyl noradrenaline or 
adrenaline. 

When effective cardiac output is not promptly 
increased to satisfactory levels by these thera- 
peutic measures, adrenaline is given intra- 
venously. Cardiac output and arterial pressure are 
increased by this drug, despite a fall in systemic 
vascular resistance which is chiefly a result of 
vasodilatation (Aviado, 1959). Ventricular arrhyth- 
mias have not been a problem. A single dose 
(1 to 10 ml of a 1:10,000 solution) is given 
initially. If necessary a continuous drip 
(1: 100,000) is instituted. 


PERFUSION 
Survival of the patient following perfusion de- 
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pends ultimately upon his having been supplied 
with properly prepared blood at suitable pres- 
sures, flow rates and temperatures. The search 
for a single, reliable means of estimating the 
adequacy of a perfusion started with the introduc- 
tion of the technique and has not ended. “By- 
passing is a complex clinical art and the manner 
in which the conduct of a perfusion affects survival 
and health is probably statistical rather than 
absolute. 

Historically, both the magnitude and the 
manner of setting of the rate of perfusion have 
been subjects of controversy. It is now generally 
agreed that a flow rate of 2.3 1./sq.m/minute or 
more, or its equivalent in millilitres per kilogram, 
is adequate (Gibbon, 1959). It is of academic 
interest to decide whether this flow is fixed and 
preset or variable and governed by venous return. 
Suitable equipment and experience allow ade- 
quate perfusion in either case. The system for 
collection of venous blood determines if venous 
return at the rate of 2.3 1./sq.m/minute can be ob- 
tained in the presence of normal venous pressure 
and normal blood volume. Venous return to the 
extracorporeal apparatus is determined by the 
pressure gradient across, and the resistance to flow 
within, the collection system between the venae 
cavae and the venous reservoir. Vena caval pres- 
sure varies with caval blood volume, but the 
pressure gradient can be widened by vacuum or 
siphonage. Resistance to flow is fixed by the inner 
cross-sectional area and length of caval cannulas, 
connecting tubing and adapting orifices. At a flow 
rate of 2.3 1./sq.m/minute increased venous pres- 
sure, increased patient blood volume, and venous 
pooling are observed in man only in the presence 
of inadequate venous cannulation, or a defective 
system for collection of venous blood, or both. 

Mortality attributable to the perfusion is not 
apparent in current experience at the Mayo 
Clinic. A few measurements now make possible 
the accurate estimate of many of the physiological 
variables believed basic to an adequate perfusion. 
Knowledge of oxygenator performance (Levin et 
al., 1959) and the measurement of total flow rate 
allow prediction of the rate of oxygen uptake, the 
partial pressure of oxygen and the percentage 
saturation of haemoglobin with oxygen, in arterial 
and mixed venous blood. The measurement of 
flow rate and venous pressure permit prediction 
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of arterial pressure since total peripheral sys- 
temic resistance is known (Moffitt et al., 1959; 
McGoon et al., 1959). In this connection, aortic 
clamping and extracardiac shunts, that is, patent 
ductus or bronchial flow in tetralogy of Fallot, 
must be noted and taken into consideration. 
Previous studies during perfusion (McGoon et 
al., 1959) permit prediction of pH, carbon 
dioxide tension, and buffer base. While little 
information on regional blood flow has been 
acquired, qualitative changes in the cerebral blood 
flow are predictable (Theye et al., 1957) from 
measurement of total flow and venous pres- 
sure, and from surgical exclusion of the pres- 
ence of large extracardiac shunts. The guarantee 
of normothermia provided by the Brown- 
Emmons heat exchanger has enhanced con- 
siderably the predictability of these physiological 
events. 

Total flow and venous pressure are at present 
measured by us during clinical perfusions. 
Measurement of arterial flow rate is indirect and 
is based upon a calibration curve relating pump 
revolutions per minute and output. The output of 
the arterial pump of the Mayo-Gibbon pump- 
oxygenator is regulated by the rate of venous 
return but cannot exceed the output of the pump 
delivering blood to the oxygenator (oxygenator 
pump). 

In practice the oxygenator pump is preset at 
the flow predicted to be adequate for the per- 
fusion (Kirklin et al., 1957). Partial by-pass is 
initiated by establishment of continuity between 
the collecting system and the venae cavae, and 
application of negative pressure. This results in 
delivery of blood from the patient to the machine. 
The arterial pump meanwhile has delivered blood 
at an equal rate to the patient. Any large extra- 
cardiac shunt (for example, patent ductus arterio- 
sus) is ligated at this time. Total by-pass of the 
heart and lungs is accomplished by occluding 
the venae cavae around the cannulas and by de- 
livering the intracardiac return to the venous 
reservoir. At this time systemic flow is equal to 
the output of the arterial pump which is, in turn, 
equal to the venous return. Ordinarily the flow 
obtained is steady and equal to that predicted to 
be adequate. Flows less than predicted are based 
upon hypovolaemia or a defective venous collect- 


ing system. 
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Hypovolaemia is due to unreplaced blood loss 
which is confirmed by a low venous pressure and 
a negative value on the blood volume balance 
sheet. Treatment consists of transfusion of 
heparinized blood in adequate amounts. A defec- 
tive venous collecting system results in ap 
increased gradient between the venous system 
of the patient and the venous reservoir. The 
measured venous pressure will increase if this 
defect is proximal to the vein in which the pres. 
sure is being measured. Common causes include 
small caval cannulas, placement of cannulas jp 
caval tributaries (for example, innominate and 
hepatic veins), slippage of occluding tapes over 
cannular tips, and kinking of connecting lines, 
Treatment consists in removal of the cause of 
the impeded venous return. 

With completion of the surgical repair and 
closure of the ventricular or atrial incision, intra- 
cardiac return fills the heart and is no longer 
diverted to the extracorporeal apparatus. Right 
ventricular ejection of this blood results in pul- 
monary flow and thereby concludes total by-pass. 
Left ventricular ejection may result in a carotid 
pulse. The presence of a carotid pulse at this time 
is considered to be a favourable prognostic sign. 
Release of the caval tapes, reduction of vacuum, 
removal of the superior vena caval cannula, and 
withdrawal of the inferior vena caval cannula to 
the right atrium are carried out stepwise. Each 
step results in an increased opportunity for venous 
return to enter the heart and thereby augment 
cardiac output. The degree to which this occurs 
is carefully assessed at each successive stage. The 
central circulating blood volume is being restored 
at this point and care must be taken to preserve 
normovolaemia. An active, contracting heart, a 
palpable peripheral pulse, an arterial blood pres- 
sure of 80 mm of mercury or more, and a great 
reduction in the rate of venous return to the 
machine indicate that venous return is entering the 
heart preferentially and increasing cardiac output. 
In this circumstance the perfusion is discon- 
tinued. A dilated, flabby heart, absent peripheral 
pulse, and maintenance of venous return to the 
extracorporeal circuit indicate that the heart has 
not been able to respond to the work of providing 
for adequate systemic flow. In this case the per- 
fusion is continued until the basis for the heart 
failure has been ascertained and, if possible, 
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eliminated. This is ordinarily a surgical considera- 
tion. 
BODY TEMPERATURE DURING PERFUSION 


The goal of normothermia was approached from 
many angles but never realized during the first 
3 years of open heart surgery at the Mayo Clinic. 
Initially the patient was warmed with a heating 
blanket. This proved to be inadequate. Next, the 
saline solution used for filming the oxygenator and 
the gases entering the oxygenator were heated to 
40°C. The donor blood was kept at 38°C. Mild 
hypothermia continued to occur in all patients. 
The degree of hypothermia depended on body 
size, length of perfusion and rate of flow (Moffitt 
et al., 1959). 

Incorporation of a Brown-Emmons heat ex- 
changer (Brown et al., 1958) into the extracor- 
poreal circuit has resulted in satisfactory control 
of body temperature. While this apparatus is 
routinely used for the maintenance of normo- 
thermia, it also provides a method for the rapid 
induction and reversal of hypothermia. Since the 
solubility of oxygen in blood is inversely propor- 
tional to the temperature of the blood (Sendroy 
et al, 1934), changing the temperature of the 
perfusing blood from that of the patient intro- 
duces the possible danger of gas emboli. The 
critical factor is the degree and direction of diff- 
erence between the temperature at which blood- 
gas equilibrium takes place in the oxygenator and 
the temperature of the patient. 

The combination of mild hypothermia (30°C) 
and perfusion (Sealey et al., 1958), or profound 
hypothermia (15°C) without perfusion (Gollan, 
1954; Drew and Anderson, 1959), has been sug- 
gested. These approaches warrant interest. A 
limited clinical experience with both approaches 
over the past year suggests several applications. 
Mild hypothermia and reduction of arterial flow 
are advantageous when increased intracardiac 
return complicates the surgical repair and when 
normal flows cannot be returned adequately 
through the caval cannulas in small infants. Pro- 
found hypothermia has been useful when a 
period of circulatory arrest facilitates or makes 
possible a difficult surgical procedure. 


SUMMARY 
Light anaesthesia with respiration controlled by 
hyperventilation is ideal for patients undergoing 
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open intracardiac operations and extracorporeal 
circulation. Careful, intelligent management of 
the anaesthetic procedure is more important than 
the specific premedication, agent or technique. In 
essence, supportive care includes all efforts re- 
quired to maintain satisfactory systemic blood 
flow. Systemic blood flow before and after per- 
fusion depends upon the effective cardiac out- 
put. The factors that decrease the effective output 
of the heart are haemorrhage, deep anaesthesia, 
mechanical obstruction of blood flow through the 
heart and the pathophysiology of the cardiac 
defect. Before and after perfusion, information on 
the effective cardiac output is obtained indirectly 
by checking the arterial blood pressure, peripheral 
pulse, venous pressure and relative blood volume. 
When the arterial pressure falls to less than 70 
to 80 mm of mercury and the peripheral pulse 
cannot be palpated, or with either event, the effec- 
tive cardiac output is inadequate and must be 
actively treated. Treatment is directed at removal 
of the cause. During perfusion, systemic blood 
flow is determined by the output of the arterial 
pump. The rate of flow, the venous pressure and 
the relative blood volume are monitored. A steady 
arterial flow of 2.3 1./sq.m/min or more is ade- 
quate for perfusion of the whole body. Venous 
return at this same rate of flow, with normal venous 
pressure and blood volume, can be obtained by 
a satisfactory collecting system for venous blood. 
The factors that decrease venous return and 
arterial flow during perfusion are hypovolaemia 
and a defective collecting system for venous blood. 
The Brown-Emmons heat exchanger provides a 
satisfactory means for control of the temperature 
of the patient during perfusion. 
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THE EVOLUTION OF ANAESTHESIA 
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(Continued from Vol. 31, page 137) 


BLOOD TRANSFUSION 

Although the first attempts at blood transfusion 
and intravenous therapy began in the 17th cen- 
tury, there is one isolated example of the con- 
ception of the intravenous administration of 
remedial drugs dating from the very beginning 
of the Christian era. This account comes from the 
Metamorphoses (Bk. 7) of Ovid (43 B.c.—A.D. 17). 
Jason, seeing his father, Aeson, grow old and 
feeble, begs his wife, Medea, to exercise her 
magic powers and restore the old man’s youth. 
Medea, after suitable prayers, repairs to the home 
of the gods, where she gathers magic herbs. Aeson 
is brought to the altars which Medea has erected 
and where a decoction of the herbs “bubbled 
and boiled, white-foaming in a brazen vessel” and 
“wherever the boiling broth spat forth its hissing 
drops, the earth grew bright with soft grass and 
sweet-smelling flowers”. Medea then “drew her 
knife across Aeson’s throat and drained out the 
thin blood, and, in its place, infused that life- 
giving juice. As his lips and wounded throat 
imbibed it, his hair and beard shed their silver 
and shone with the glossy, raven hue of youth; 
his muscles swelled, the wrinkles filled, the rose, 
long faded, bloomed in his cheek anew, and every 
limb was lithe. Wondering Aeson woke to find 
himself as he had been some forty years before”. 

It is not, however, to be thought that such in- 
fusions were ever attempted by the ancients: 
Ovid’s story is merely a flight of fancy, uncon- 
nected with medical practice. 

However, the doctors of the Scientific Period 
(585 B.c.-a.D. 200) were well aware of the im- 
portance of the blood in maintaining life. The 
doctrine of the four humours, of which blood was 
one, had been modified by Erasistratus of Chal- 
cedon (c. 1300 B.c.), who believed that disease 
was usually caused by a plethora or excess of 
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blood in a particular region. The followers of 
Erasistratus introduced blood-letting as a form 
of treatment, and this therapy was used and abused 
until almost the end of the 19th century. 

It was natural that the idea of the circulation 
of the blood, first promulgated by William Harvey 
in lectures at the Royal College of Physicians in 
1616, should stimulate experiments with blood, 
but it seems likely that the idea of blood trans- 
fusion had already occurred to some. Thus 
Pegelius of Rostock may have mentioned it as 
early as 1604, and Andreas Libavius certainly 
referred to it in 1615. Again, in 1628, the year 
of the publication of Harvey’s De Motu Cordis, 
Colle of Padua suggested transfusion as a method 
of prolonging life. 

Developments in England, where Harvey’s 
doctrine naturally gained greatest currency, were 
delayed by the political turmoil which preceded 
and accompanied the Civil War (1642-1649). In 
the latter year, Francis Potter, a Somersetshire 
parson, attempted unsuccessfully to transfuse 
blood into a hen; the idea of curing disease by 
this method had apparently been in his mind for 
some ten years. 

In 1656, (Sir) Christopher Wren experimented 
with the intravenous administration of drugs to 
animals. The first authenticated experiments were 
carried out by the Royal Society, which had been 
incorporated in 1662. In May 1665, at a meeting 
of that body, Thomas Cox related how he had 
transfused blood from one pigeon to another; in 
June, Dr. Wilkins reported a similar experiment 
on dogs; and, in April 1666, Robert Boyle des- 
cribed another attempt. In none of these cases 
was more than a very small quantity of blood in- 
troduced. 

Richard Lower, in his Tractatus de Corde 
(1669) describes in detail how in February 1665 
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(N.S.) he carried out a series of successful 
massive transfusions on dogs by the direct artery 
to vein technique, and this account is confirmed in 
the Philosophical Transactions of the Royal 
Society. To Lower, therefore, must go the credit 
of the first successful transfusion. 

A year later, Denis of Montpellier carried out 
similar experiments, not always using animals of 
the same species and, in June 1667, transfused 
3 oz of lamb’s blood into the veins of a youth 
suffering from a chronic fever, apparently a suc- 
cessful form of therapy. Denis continued to use 
this method of treatment until, in 1668, one of his 
patients died. A court case ensued, and, by an 
Act of the Parlement of Paris of 1670, blood 
transfusion was made illegal in France. 

Experiments, however, continued in England, 
and, in November 1667, Samuel Pepys described 
how a “poor and debauched man” was transfused 
with 12 oz of sheep’s blood without ill-effects. 

The first book on blood transfusion appeared in 
1665; it was written in German by J. S. Elsholtz. 
An enlarged edition of the book reappeared in 
Latin in 1667, under the title Clysmatica Nova 
and contained a diagramatic representation, the 
first illustration, of blood transfusion. Other books, 
dealing in whole or in part with transfusion, and 
some of them illustrated, were soon published: 
the anonymous Relazione dell’Esperienze (1668), 
Mercklin’s De Ortu et Occasu Transfusionis San- 
guinis (1679), Folli’s Stadera Medica (1680), 
Scultetus, Armamentarium Chirurgicum (1693), 
and Purmann’s Lorbeer Krantz oder Wund 
Artznet (1705). 

During the 18th century, comparatively little 
seems to have been done in the field of blood 
transfusion. In his Zoonomia (1794), Erasmus 
Darwin advised daily transfusions of human or 
animal blood to “an old gentleman whose throat 
was entirely impervious”, but the patient refused. 
The matter was, however, taken up with enthu- 
siasm by James Blundell (1790-1877), who per- 
formed a number of transfusions with human 
blood and invented some ingenious apparatus for 
the purpose. He reported a case of postpartum 
haemorrhage successfully treated in 1829; the 
patient received 8 oz of blood. Other occasionally 
successful operators were Blundell’s collaborators, 
Charles Waller and E. Doubleday. Meanwhile, 
during the epidemic of Asiatic Cholera in 1831, 
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O’Shaughnessy discovered that the blood of the 
victims was depleted of both salt and water. 
This observation was put to practical use by T. A, 
Latta of Leith in the following year, when he 
introduced, with great success, the practice of 
intravenous saline infusion for this disease. 

The year 1873 was marked by the discovery of 
the species specificity of blood by Landois, thus 
terminating experiments in the transfusion of 
animal blood to man. In the same year, Aveling 
described a simple and efficient apparatus for the 
direct transfusion of blood from donor to patient, 
so eliminating the problem of clotting. Three 
years later, Noel described a rotary pump, similar 
to those in use today, which simplified even more 
the direct transfusion of blood. 

In spite of these improvements, J. B. Murphy, 
in 1907, described a method of direct anastomosis 
of the vessels of donor and patient, but this 
highly technical procedure never became popu- 
lar. 

With the first year of the 20th century, the 
practice of blood transfusion was placed on a 
sound basis by the discovery of agglutinins and 
iso-agglutinins by Landsteiner in Vienna and 
Shattock in London. The former described three 
groups; a fourth was added in the following year 
by von Decastello and Sturli. Further work on 
the ABO blood groups was done by Jansky of 
Prague (1907) and Moss (1909), but the numerical 
notations which they introduced have been sup- 
planted by the international nomenclature. In 
1910, von Dugern and Hirschfeld discovered 
that the inheritance of blood groups was in accor- 
dance with the Mendelian theory. By 1911, 
Ottenberg had drawn attention to the possibility 
of persons of Group O being used as “universal 
donors”, and two years later, he and his co- 
workers described in vitro tests for the cross 
matching of blood. 

The question of the blood groups was, however, 
complicated by the discovery of the independent 
M and N antigens by Landsteiner and Levine 
(1927). In the following year, the same workers 
described the agglutinogen P and, since 1945, 
numerous other agglutinogens have been des 
cribed (e.g. “Lutheran”, 1945; “Lewis”, 1946; 
“Kell”, 1946; “Gr”, 1946; and “Jobbins”, 1947). 
The first of these, P, is widely distributed, but the 
remainder are only very rarely encountered. The 
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discovery of “cold” agglutinins, both specific and 
nonspecific, dates from the same period, as does 
the introduction of Coombs sensitization test 
(1945). 

The use of intravenous saline in the treatment 
of burns was begun by Weidenfeld in 1902; by 
1912, attention was drawn to fluid loss by other 
means, such as vomiting, and the study of blood 
fluids and electrolytes was well advanced. 

In 1909, Brewer and Leggett had recognized 
that the coagulation of blood could be delayed 
by the use of paraffin-coated glass tubes; this led 
to the development of the Kimpton-Brown tube 
(1917), employed successfully by the Harvard 
Medical Unit in France. Experiments in prevent- 
ing clotting had begun much earlier; Wright 
(1891) had tried oxalate; and Leopinasse (1908— 
9) used hirudin, peptone and sodium citrate, but 
regarded them all as too toxic. The successful 
use of citrated blood was first described by Hustin 
in Belgium (1915), and this work was further ad- 
vanced by Agote of Buenos Aires. The technique 
was much improved by Robertson towards the 
end of World War I. Curiously enough, there was 
a simultaneous revival of the method of direct 
transfusion of unmodified blood by Lindemann, 
who employed a “multiple syringe” technique. 
The use of heparin as an anticoagulant was advo- 
cated by Skold in 1936. 

Although there had been some organization of 
blood donors during World War 1, the first real 
steps in the formation of a proper service began 
with the foundation of the London Blood Trans- 
fusion Service in 1921. By 1939, more than 5,000 
transfusions a year were being provided. The 
work was further advanced by the British Red 
Cross Society. At the outbreak of World War 
II, Regional Transfusion Centres were organized 
by the Medical Research Council, and these 
bodies have now become permanent institutions 
in the National Transfusion Service. The present 
apparatus for blood transfusion derives from 
that designed by Marriott and Kekwick in 1935. 
During all this period, the use of blood and blood 
substitutes has greatly expanded. Thus, while Weil 
had recognized that blood was important in the 
treatment of haemophilia as early as 1906, it was 
left to Feissly (1928) to show that plasma was 
equally valuable in this condition. Ward in 1918 
had shown also that animals dying of haemorrhage 
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were suffering more from loss of blood volume 
than from loss of haemoglobin. The value of 
plasma in the treatment of burns was pointed out 
by Elkinton in 1939. An interesting development 
was the dilution of blood with a solution of various 
salts to ten times its own volume, a device em- 
ployed by Petrov in 1943; while the great 
demands for blood also led to the exploitation of 
that of cadavers by Yudin (1936) and Shamov 
(1937). 

On the other hand, the use of “packed-cells” 
has been shown to be of great value in the treat- 
ment of anaemia without reduction in bloud 
volume. The first to describe the advantages of 
this method were MacQuaide and Mollison 
(1940). 

Although there have been occasional reports of 
diseases such as typhoid fever and smallpox being 
conveyed to the recipient by blood transfusion, 
by far the commonest disease so spread is virus 
hepatitis (homologous serum jaundice). This 
disease and its method of propagation have been 
recognized since 1885, when there was a severe 
outbreak following vaccination with human serum 
in Bremen. The first case after blood transfusion 
was reported by Janet and Janet in 1938, and the 
danger of this complication has been underlined 
by repeated outbreaks. One result has been the 
introduction of “small group” pooled plasma, 
which has now entirely replaced the older “large 
group” pooling. 

A dramatic and important step forward in the 
use of blood transfusion was taken when, in 1940, 
Landsteiner and Wiener observed that the serum 
of a rabbit, previously inoculated with the red 
cells of a rhesus monkey, developed an immune 
agglutinin, which reacted with the red cells of 
most, but not all, human subjects. The import- 
ance of this “Rh” factor was quickly appreciated, 
and the connection between it and neonatal haemo- 
lytic disease was reported by Levine in 1941. 
Fisher (1944) introduced his ingenious theory 
that the various Rh sub-types comprise different 
combinations of three closely linked elementary 
genes, inherited by Mendelian laws, one from each 
of three allelomorphic pairs. Wiener, however, 
has never accepted the classification of Fisher; 
but it is fair to say that it forms a convenient 
working hypothesis. 

Blood transfusion has usually been given by 
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the intravenous route. In 1941, Tocantins and 
O’Neill introduced the technique of intramedul- 
lary transfusion; in 1954, intra-arterial trans- 
fusion became temporarily popular; and, recently, 
the intraperitoneal administration of blood has 
been advocated in certain circumstances. A par- 
ticular aspect of intra-arterial transfusion was the 
practice of arteriotomy introduced by Gardner in 
1946 for the control of blood loss, especially in 
cerebral surgery. Blood was removed by means 
of an intra-arterial cannula, and, after addition 
of heparin, stored until the need for haemostasis 
had passed; the blood was then re-introduced 
through the same cannula. The experimental work 
of Kohlstaedt (1943) on animals had shown that 
resuscitation was quicker when this route was 
employed than when the blood was returned intra- 
venously. 

A number of so-called “plasma expanders” 
have been introduced from time to time. Solu- 
tion of gum acacia, used during World War I, 
was the first; this was followed by bovine serum 
treated so as to reduce the risk of an anaphy- 
lactic response, but none was completely satis- 
factory. In 1949, Thorsen introduced dextran, a 
polysaccharide produced by the fermentation of 
sucrose by the micro-organism, Leuconostoc 
mesenteroides. This has proved a useful blood- 
substitute, especially since the preparation of 
large molecule fractions. One difficulty caused 
by dextran was that it was liable, because it might 
lead to rouleaux formation in vitro, to interfere 
with the subsequent cross-matching of the 
patient’s serum with blood. Fortunately, this diffi- 
culty has been recently overcome. 

The history of extracorporeal circulation with 
the aid of pumps and oxygenators is so recent that 
what follows must not be considered as the final 
word on the subject. It has its roots in the 
crossed-circulation experiments of Starling, so 
well known to students of physiology, and the 
impetus for their development lay in the desire 
of surgeons to perform “open heart” operations. 

The first practical oxygenator to be described 
seems to have been the rotating disk oxygenator 
of Melrose, developed at the Postgraduate 
Medical School, Hammersmith, in 1949, Bubble- 
oxygenators were described in the following year 
by Clark and his co-workers, and were used by 
Lillehei, while similar oxygenators using a higher 
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flow were also developed at the Mayo clinic. The 
vertical screen oxygenator of Miller, Gibbon and 
Gibbon was described in 1951. It was in this 
year that the first pump-oxygenator seems to have 
been used in man by Dennis et al. (Annals of 
Surgery, 1951, 134, 709), but cases were compara- 
tively rarely described before 1954. 

The major problems involved in the construc- 
tion of this sort of apparatus were concerned 
mainly with the difficulty of building either 
pumps or oxygenators capable of maintaining an 
adequate flow or arterial blood. The newest 
development in this direction has recently been 
described by Drew and his co-workers. This 
technique involves the use of a pump-heart-by- 
pass, enabling the blood to be oxygenated in the 
patient’s own lungs, combined with profound 
hypothermia which lessens the body’s oxygen 
requirement. 

An important stage in the development of extra- 
corporeal circulation was reached when, in 1952, 
Delorme described his method of arterio-venous 
shunt with cooling of the blood, in order to pro- 
duce hypothermia. 

Intravenous infusion and transfusion, extra- 
corporeal circulation and even the intravenous 
administration of drugs are all the direct outcome 
of the work of William Harvey, who may be con- 
sidered as the Father of Modern Medicine and 
who has had an especial influence on the science 
of resuscitation. Yet, after the publication of his 
great work on the circulation of the blood, his 
patients, says Aubrey, “did think him crack- 
brained”. Although we may frequently deplore 
the sensationalism of the press in medical matters, 
we may be thankful that we work in a very dif- 
ferent climate of public opinion, and it is satis- 
factory to know that encouragement and acclaim 
have been awarded to those who have furthered 
the important work in extracorporeal circulation. 


INTRAVENOUS ANAESTHESIA 


The intravenous administration of drugs is closely 
related to the subject of blood transfusion, which, 
being derived from the work of William Harvey, 
dates from the same period: its history is, how- 
ever, much less coherent than that of transfusion, 
for the intravenous route seems to have beet 
entirely neglected for more than two hundred 
years after the first experiments. No doubt this 
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THE EVOLUTION OF ANAESTHESIA 


hiatus is largely due to the lack of a suitable 
syringe: the invention of the hypodermic syringe 
by Pravaz, and of the detachable needle by Alex- 
ander Wood, both in 1853, provided the tools 
required by the clinician. Even so, the intravenous 
use of anaesthetic agents was delayed for a further 
twenty years. 

The earliest experiments of which we have any 
record were made by (Sir) Christopher Wren in 
1656, and were referred to by Oldenburg and 
Clarck in the Philosophical Transactions of the 
Royal Society, in 1665. The influence of William 
Harvey on Wren is to be traced in the fact that, 
at the time of these researches, Wren was assist- 
ant to the celebrated physician, Sir Charles 
Scarborough, who was a close friend of Harvey. 
In default of a syringe, Wren made use of a quill 
attached to a piece of pig’s bladder, and, with 
this crude apparatus he demonstrated the effects 
of a solution of opium, of crocus metallorum 
and, according to one authority, of wine and beer 
when given intravenously to dogs. In 1665, 
Sigismond Elsholtz confirmed the first of these 
experiments, bringing about the narcosis of a dog 
by the intravenous administration of opium. 

It was not until twenty-five years after the 
discovery of anaesthetics that the subject received 
any further attention. In 1872, Pierre-Cyprien 
Oré, Professor of Physiology at Bordeaux, des- 
cribed anaesthesia in animals by the intravenous 
administration of a solution of chloral; two years 
later, he reported to the French Academy of 
Sciences the first use of this anaesthetic in man. 
Chloral, however, is not a satisfactory anaesthetic 
agent, and the method did not prove popular, 
in spite of Oré’s continued advocacy. The intra- 
venous route was, however, revived in 1898 by 
E. Dreser of Munich, who employed methyl 
propyl carbinol urethane (Hedonal); this drug 
achieved a measure of success, being used, fre- 
quently in conjunction with chloroform, by N. F. 
Krakow of St. Petersburg, until at least 1908. 

In 1909, Ludwig Burkhardt used a solution of 
chloroform as an intravenous anaesthetic and, 
four years later, Noel and Souttar were using 
paraldehyde by the same route. Soon after- 
wards, trichloro-iso-propyl alcohol (Isopral) was 
introduced, and Graefe reported on a series of 
359 cases in which anaesthesia had been induced 
with Isopral and continued with ether. 
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Meanwhile, the routine use of premedication 
with morphine and atropine or hyoscine was com- 
ing into fashion: the intravenous administration 
of these drugs was first reported by Elisabeth 
Bredenfeld of Switzerland in 1916. It was also in 
this year that Peck and Meltzer advocated the 
intravenous use of magnesium sulphate as an 
adjunct to anaesthesia, on the ground that less 
anaesthetic was then required to achieve suitable 
operating conditions. It was in 1921 that 
Nakagawa first recommended ethyl alcohol as an 
intravenous anaesthetic, but the use of this agent 
did not become popular until after the work of 
M. G. Marin of Mexico, in 1929. 

Until the third decade of the 20th century, the 
advocates of the intravenous route had tried 
various types of drug and had achieved only 
moderate success. It was in 1924 that a new 
chapter opened with the introduction of the first 
intravenous barbiturate, the forerunner of a large 
group of drugs of this type which has proved 
extremely valuable to the anaesthetist. The first 
barbiturate, barbitone (Veronal) had been synthe- 
sized in 1903 by Fischer and von Mering; this 
drug was later combined with di-allyl barbituric 
acid (Dial) to form a new compound, Somnifene. 
Animal experiments were begun with Somnifene 
by Bardet in 1920, its use in man being first re- 
ported by Fredet and Perlis in 1924. It was in this 
same year that L Bogendérfer of Wurzburg used 
di-allyl barbituric acid alone by the same route. 
The barbiturates had arrived, and in the following 
years they have appeared in increasing numbers, 
and have occupied the centre of the stage. Thus, 
in 1927, Bumm introduced sodium butyl brom- 
allyl barbiturate (Pernocton), and, in 1929, Weiss 
tried phenyl ethyl barbituric acid (Luminal); the 
use of sodium amytal was also described in 1929 
by Zerfas and MacCallum. In the following year, 
Fitch, Waters, and Tatum reported on the use of 
pentobarbitone sodium (Nembutal), and, in 1933, 
Déring introduced sodium iso-propyl bromallyl 
barbiturate (Eunarcon), which latter was favour- 
ably received as an intravenous anaesthetic agent. 

All these drugs were, however, quickly over- 
shadowed by the first “ultra-short acting” bar- 
biturate, hexobarbitone sodium (Evipan Sodium), 
which was first employed by Weese and Scharpff 
in 1932: this agent at once leapt into prominence 
and favour, so that the introduction of butyl ethyl 
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barbituric acid (Soneryl) as an anaesthetic by 
Desplas and Chevillon in 1934 passed almost 
unnoticed. It was in the latter year that J. S. 
Lundy of the Mayo Clinic introduced sodium 
thiopentone (Pentothal Sodium), which was soon 
to surpass even hexobarbitone in popularity, and 
which has so far remained the intravenous agent 
most commonly used, in spite of the debacle of 
Pearl Harbour and the discovery in recent years 
of several other barbiturates suitable for intra- 
venous use. 

Although the barbiturates have deservedly 
gained the greatest popularity, there are other 
drugs which have also been used with consider- 
able success in recent years. Thus, tribromethanol 
(Avertin), introduced by Butzengeiger in 1926, 
was employed intravenously by Kirschner in 
1929: during the second World War, it found 
its place as a satisfactory agent for the induc- 
tion of anaesthesia in patients with “floating 
tongue”, the result of bilateral fracture of the 
mandible; such patients were notoriously difficult 
to anaesthetize safely by any other means, but the 
introduction of the relaxants has rendered this 
technique obsolete. In recent years, attention has 
been given to the steroids, which have been shown 
to have considerable possibilities as anaesthetic 
agents, but the slowness of onset of unconscious- 
ness and the risk of venous thrombosis have 
militated against their acceptance by clinicians. 

The intravenous use of procaine is in rather a 
different category. Introduced by Alfred Ein- 
horn in 1904, it was first used intravenously by 
August Bier in 1908. Bier described a method of 
regional analgesia in which part of a limb was 
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exsanguinated and isolated between tourniquets, 
the veins then being filled with a dilute solution 
of procaine. In the same year, J Goyanés of 
Madrid used a rather similar technique, employ. 
ing intra-arterial instead of intravenous injection; 
this latter method was further modified in 19]9 
by J. L. Ransohoff, who appreciated the relative 
lack of toxicity of intra-arterial, as compared with 
intravenous, procaine, and therefore discarded the 
tourniquets. The systemic use of intravenous 
procaine, however, began with the observation of 
its beneficial action in arteritis obliterans by 
Leriche and Fontaine in 1935. In 1942, Lundy 
recommended its use for the relief of the pruritus 
of jaundice, and Gordon employed it as a general 
analgesic in the treatment of burns in the follow 
ing year. Intravenous procaine was first used a 
a general anaesthetic by Bigelow and Harrison ig 
1944, and its use in the postoperative control gf) 
pain was begun by Burstein in 1947. i 
The pharmacological importance of the int 
venous route for the administration of drugs 
that it enables nonvolatile agents to be given 
such a way that their effects are rapidly obserp 
able, and the administration is thus made safer 
from the point of view of the patient, howevej 
their advantage lies in the ease and comfort wi 
which anaesthesia can now be induced. The anaes 
thetist of today owes a great debt of gratitude 
the pioneers of the intravenous route, and the 
who remember anaesthesia as it was in the dag 
when intravenous injections were by no means 
commonplace must often look back with amaj 
ment and pleasure on the change which has over 
taken our specialty in the last quarter of a century 
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